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Paper 6.40 


THE THERMODYNAMIC PROPERTIES AND EQUILIBRIA 
AT HIGH TEMPERATURES OF THE COMPOUNDS OF 
PLUTONIUMt 

By L. Brewer, L. Bromley, P. W. Gilles, 
and N. L. Lofgren 


1. THERMODYNAMIC TABLES 

The usefulness of thermodynamic data as an aid in predicting what 
reactions may occur in any system is well recognized. This tool is 
especially valuable at high temperatures where most reactions are 
rapid. However, it is not only necessary to have thermodynamic data, 
but, if time is to be saved, it is also necessary to know the important 
species that are likely to exist in the system under consideration. In 
this paper the thermodynamic data of plutonium compounds are pre- 
sented, and an attempt is made to indicate the species that are likely 
to be encountered in work with them at different conditions of pres- 
sure and temperature. A shorter but similar treatment of neptunium 
compounds is also available.’’” 

This paper is rightly apart of a more comprehensive thermody- 
namic study of inorganic halides, which is found in the authors’ Halide 
Report, but because of the nature of the contents of this paper it is 
presented as a separate unit. The methods used in this report are the 
same as those used and discussed in some detail in the Halide Report. 
Further explanation of tliermodynamic calculations can be found in 
another report^** by the authors of this paper. 

Table 1 gives values of the melting point, heat and entropy of fusion, 
vapor pressures, boiling point, and heat and entropy of vaporization. 
In Table 2 constants for the free -energy equation for vaporization are 
given. In Table 3 values of the free-energy function, (AF - AH 2 gB)/T, 


t Contribution from the Depurlment of Cheniislry, University of California, Berkeley. 
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at different temperatures, and the heal of formation, for the 

halides, oxides, carbides, nitrides, and silicides of plutonium are 
given. Contrary to what has been done in other papers,' ** values of 
the functions -(F - ■ T, Ht - and -- are not included 


Table 1 --MeUinp; Point. F'a.sioii, and Vaporization Data fur Plutonium Compoundst 



1 

J Melting cl util 



Tp, temppruture ul whicii partial 
pres-sure is p atm. "K 


Com ' 
pound 

1 - 

i in j 

j -K 

1 

kcal ! 

e.u. 

'I’l... 

J-!: 

T.a * 

T-o 

. . i 

Jiu- 1 

T, 

PuF^ 

16B0 t 20 

13 i 

7.75 

1380 

1450 

15G0 

1600 

1 

1870 i 

24 CO 

PUCI 3 

' 1033 -• 5 

15.2 i 

14.7 

1000 ' 

1090 

1195 

1315 

1400 I 

2040 

PuBr, 

i 954 

13.4 i 

14.0 

025 

1000 

1085 

1190 

1335 1 

1785 

PUI 3 

! (10501 

1 ( 12.01 i 

(11.4) 

(805) ' 

1 (930' j 

(lOnO) 

no90) 

(I225’i i 

I1050i 

PuO, 

PuO 

i 

I 1 

1 

1 I 

' - .„.i. 


1 

(I05(V; 

( 2200 ) 

' j 



i 


t Parentheses indicate eslimate.s from correspoiidini^ uranium compounds. 


Table 2 - Constant .st in Free Energy of Vaix^rization Equations of liie Form 
aF - M],, 2.3 :xC^, T log T - IT 


Heat and entropy 
□f vaporization 

Vaporization from .solid Vapurizntion from liquid at h.p. 


Com- 


iCp, 

AI, 


aCp , 

Al, 

AH, 

AS. 

pound 

c:al 

C.u. 

e.u. 

chI 

V .u . 

e.u . 

kcal 

e.u. 

PuF, 

115,500 

14 

-158.7 

105.900 

16 

-167. B 

66,6 

27.1 

PUCI 3 

84,340 

- 10 

125.1 

71,220 

-12 

- 126.3 

46.74 

22.9 

PuBr, 

(82,100) 


I- 142.8) 

72,500 

-16 

160.1 

44 

24.9 

Pul, 

(69,400J 

( 10 ) 

(-120,3) 

(59,500) 

1 12 ) 

(-124.8) 

(39.7) 

(24) 


tParentheses indicate estimates from corresponding uranium compounds. 


because the corresponding values for the metal were not available, 
and it was easier to estimate directly the values of (AF AH 2 ob)/T 
than to estimate heat capacities and to calculate the functions. 
The values of the thermodynamic constants for formation of the ions 
are given in Table 4. 

In so far as was possible, all data of thermodynamic significance 
available in the declassified literature on Feb. 1, 1949 have been con- 
sidered in obtaining the values given in these tables. Where data were 
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not available or were considered to be too sketchy or inaccurate, 
estimates were made. 

Such estimates were based largely upon data presented by the 
authors^’^* of tliis paper for compounds of uranium and the rare-earth 


Table 3 — Values of the Free-enerj^y Function (AF’ - AH^ggl/T 


Com - 
[K)und 

Calories per 'X 

kt:al 

298TC 

r»oo"K 

1 OOO'K 

1500"K 

PuF, 

60 

59 

59 

58 

'-:i74 

PuCl, 

54 

54 

53 

50(1' 

-229.3 

PuCL 

72 

72 

58(1) 


230 

PuBi't 

52 

52 

50(1) 

48(1) 

199.0 

Pul, 

52 

52 

49 

48(1) 

-155 

PuO, 

4.1 

42 

41 

41 

251 

PuOt j 

21 




j 

PuSi,t 

I i 

1 

1 

1 

i 211 

Pud 

i 2 


j 


! -25 

PuNt i 

J 17 1 




! -95 

Puocn ! 

38 


i 


I 222.6 

PuOBrI 

33 

! 

1 i 


j -210 

PuOIt 

32 1 


! 

i 

j -igB 

Pu,S,1 1 

72 1 




1 -286 


t The use of these values in the simple AF ^ All TAS equation 
with AC,, “ 0 will Kivp correct AF values at temperatures even 
though room -temperature values inuy be ofl. 

T All values are based upofi j^aseous standard stales for fluorine, 
chlorine, bromine, iodine, sulfur (Sj, nitroi^om, and oxypen; solid 
f^raphile, plutonium, and silicon. 


metals. It should therefore be noted that to maintain consistency, 
corresponding changes in plutonium values should be made if new 
data become available on the uranium system. The present revision 
of this paper is due to the April 1947 revision of the uranium report.^ 

All temperatures are expressed in degrees Kelvin. The references 
to the values in all the tables are given together under each compound. 

Stan dard states are: gaseous fluorine, gaseous ch lorin e, gaseou s 
br omi ne, gaseous ic^ine, gaseous nit roge n, gaseous d iatomi c sulfu r, 
^lic^ metals, solid graphite, and solid silic on. The units generally 
are kilocalories per mole for the energy terms and calories per de- 
gree per mole for the entropy and heat -capacity terms. 

2. DESCRIPTION OF TABLES 

The melting and boiling data, in Table 1 are self-explanatory. For 
all vapor -pressure data in Table 1, experimental values, when avail- 
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able, were used to determine a free energy of vaporization equation 
using an estimated ACp of vaporization. This allowed more accurate 
extrapolation of the data to the boiling point. The equations used are 
given in Table 2. The vapor pressures given are the partial pressures 
of the gaseous species of the same composition as the solid or liquid, 
and as such are a measure of the free energy of vaporization. In 
many cases the compound vaporizes at a lower temperature than that 
given in the table because of decomposition or disproportionation. By 
reference to the figures it can be seen which method of vaporization 
is important. 

Table 2 gives the constants for the free energy of vaporization 
equations 


and 


AF = AHp -ACpT In T + IT 


Constants are given for both the liquid and solid for most of the com- 
pounds. The heats and entropies of vaporization at the boiling point 
under 1 atm pressure are also given. In every case the free energy 
of vaporization refers to the simple vaporization from the solid 
or liquid standard state to the perfect -gas standard state at 1 atm 
pressure. 

In Table 3 it will be noted that (AF-AHjggVT at 298‘’K is in reality 
-AS for formation although the same relation does not hold at other 
temperatures. The reason for tabulating this function is that its var- 
iance with temperature is small; this allows accurate Interpolation. 
It will be noted that 


a(AF-AH„g/T) AHg,g-AH 

alrf tF 

and hence at 298°K the rate of change of the function with temperature 
is zero, and, as long as AH at other temperatures does not differ 
greatly from AHggg, the function will change slowly with temperature. 
In the last column of the table are given the heats of formation, AHggg, 
which can be used with the function (AF-AHjgg^T to obtain AF at 
any temperature. All heats of formation and other data are for gas- 
eous fluorine, gaseous chlorine, gaseous bromine, gaseous iodine, 
gaseous oxygen, gaseous nitrogen, gaseous diatomic sulfur, solid 
me^ls, solid graphite, and solid silicon. 
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For the substances other than the halides and tetravalent oxide, 
no values for (AF - aH^bb)/! are given above 298“K. In such cases it 
is entirely satisfactory, for the most part, to assume that the aH of 
formation is constant and equal to AH^bb, hence (AF - AH 2 gB)/T and 
also AS are the same at any temperature. Since AF ~ aH - TAS, AF 
is linear with temperature if AH is constant. Since the values of aH 
have been obtained from free energies derived from high -temperature 
chemistry for a number of substances in this class, it should be 
pointed out that they do not necessarily represent accurate or even 
good values of heat and entropy of formation at 298'^K,but, when com- 
bined in the equation AF = AH TAS, they do give in the tempera- 
ture range that is of most interest a value of AF such that observed 
phenomena can be calculated. 

The general procedure for the calculation of the heat and entropy 
of formation of a substance from high -temperature chemistry is to 
estimate from whatever data are given for any particular reaction 
some quantity, e.g., a pressure, partial pressure, or equilibrium 
constant, which is a measure of the free energy of the reaction at the 
temperature under consideration. From the tables of (AF - AH.^bb)/T 
and AHjbb, free energies at this temperature may be calculated for 
tlie other .substances involved in the reaction. Then from these free 
energies and the estimated free energy of reaction, the free energy 
of the compound under consideration may be calculated. This value 
together with an estimated entropy or (aF - aH^bb) T will give a heat 
of formation according to the expression 


AH - AF + TAS 
or 

AF (AF ;; AH^ob) 

T T T 

An inescapable result of this method is that all values in tlie tables 
are inextricably connected and consequently a self-consistent table 
will not be maintained if newer and even better values are indiscrim- 
inately substituted in the table without making corresponding changes 
in the related values. 

Values are given in Table 4 for tJie ions in IM HCl and IM HCIO^. 
The values for IM HCIO,, may be used as infinitely dilute values with 
little error. The calculations of the values are described in the ref- 
erences. These values for the aqueou.s ions are consistent with the 
tliermodynamic data given for the solid compounds. Throughout this 
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paper AH, aF, and AS values for ionic species are partial molal 
quantities. Concentrations are in moles per kilogram of water. The 
AF values are for all constituents at unit concentration, but with no 
corrections for activity coefficients, e.g., formal potentials. 

It should be emphasized that neither the partial molal AF values 
nor the E values given in the text are standard values corresponding 


Table 4— Thermodynamic Properties of the Aqueous Plutonium lonst 



IM HCIO, 

IM HCl 

A II2BH 

AS^oj, 

Al* :iDB 



Pu 3H* - Pu*’ 

-141.6 

+ 3 

■ 142.7 

-HI. 9 

-142.7 

Pu + 4H'' : Pu"^’ + 2H., 

-128.6 

-29 

-120.1 

-129.0 

-120.0 

Pu » t 2HjO = PuOj' ^ “z Hj 

j -78 

+ 54 

-94 

-78 

-93 

Pu + 2H"^ + 2H,0 = PuO^^ * 3H;, 

1 

i 61.6 

i J 

+3B 
1 

-72.8 

_j 

-62.2 

1 

-72.4 


t^H and AF values are in kilocalories per mole, and AS values are in calories per 
degree. All values are partial molal values. All concentrations are expressed in moles 
per kilogram of water. 

The AS and AF values are for the reacting species at unit concentration, but with 
no correction for activity coefficients. In other words, AF corresponds to a formal 
potential rather than to a molal potential. 


to unity activities of the various species, but they are “formal*’ val- 
ues corresponding to unit concentrations of the various species. Thus 
for 


Pu+^ + - Pu-^^ + (gas) 

E - Eobs + 0.05914 log mpu +4 /mpy+3 mj|+ 

where Eobs is the observed potential for the cell composed of a hydro- 
gen electrode in solution of hydrogen -ion concentration against a 

Pu+^-Pu^'* electrode. The symbol m stands for concentration in moles 
per kilogram of water, and no activity -coefficient corrections of any 
sort have been made to the observed potentials. This is emphasized 
since other papers in this volume have used a so-called “formal” 
potential, which term is erroneously used since corrections are made 
for activity coefficients of some species and not for others. 

3. DISCUSSION 

After each formula are given the references to the data in Secs. 1 
and 2 as well as a critical discussion of the chemistry of the com- 
pound. In the cases of the halides these discussions supplement the 
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figures in Sec. 4 of this paper, while in the cases of the oxyhalides, 
oxides, nitrides, and carbides these discussions are substitutes for 
figures. 

3.1 Aqueous Ions, (a) Pu"*"®. Robinson and Westrum**'** have de- 
termined the heat of solution of PuClg in various concentrations of 
hydrochloric acid and have extrapolated their values to pure water. 
They have obtained for the reaction 

PUCI3 (solid) - Pu+^ + 3C1- 

AH,„„ - -31.9 kcai. This value combined with the -39.943 Real from 

iCHD 

RossinP for the heat of formation of Cl", and the heat of formation 
of PUCI3 (solid), gives, for the reaction at zero hydrochloric acid con- 
centration, 


Pu + 3H+ - Pu-^’ 4 AH2BB 141.4 kcal 

Applying the method used by Evans^’' we can calculate the entropy 
of Pu'*'^ from the entropy of Gd'*'^ - -32.5 (reference 32) by correcting 
for different ionic radii, different masses, and different amounts of 
magnetic entropy. From graphs of ionic entropies for trivalent posi- 
tive ions vs. ionic radii, it was found that the entropy changes about 
82 units per angstrom. Zachariasen^° gives 1.01 A for the radius of 
Pu+^ and gives values for the radii Pr“^^, Nd'^^, and Sm‘‘*^. By 

comparison with the values given by Goldschmidt^* for the same ions 
and for Gd"^^, we find that Pu"^^ is larger than Gd"*^^ by 0.06 A; this dif- 
ference should make a contribution of 4.9 e.u. to the difference be- 
tween the entropies of Pu"*"* and Gd"*”^. The magnetic entropy of gado- 
linium, R In 8 - 4.1 e.u., should be subtracted, and the mass correc- 
tion, 1.2, should be added, giving - 30.9 without any contribution from 
the magnetic entropy of plutonium. Such a contribution would make 
the entropy less negative and so we have estimated -30 for the en- 
tropy of Pu+^. Combining this with the entropy of hydrogen^^ and an 
estimated entropy of plutonium of 13 e.u., we obtain A S29B sub- 
sequently, for the reaction at zero hydrochloric acid concentration, 


Pu + 3H+ = Pu+® + 32H2 

AH = - 141.4 kcal AS = 3.8 e.u. AF = -142.5 kcal 

This corresponds to an E° of 2.06 volts. These values may be used 
either for the infinitely dilute values or for the values in IM HCIO4 
since the difference will be less than the uncertainties of these values. 



868 THE TRANSURANIUM ELEMENTS 

The values for in IM HCl may be obtained by using Robinson 
and Weslrum’s^^ partial molal ^ "31.76 kcal for PUCI3 (solid) 

dissolving in O.IM HCl and 29.50 for PuCl, (solid) dissolving in 1.55 
moles of HCl per kilogram of water to calculate AH^^p - - 30.36 kcal 
for PuCl^ (solid) dissolving in IM HCl. This together with a value of 
L - 645 cal for IM HCl from Sturtevant‘“ makes it possible to calcu- 
late ft)r 

Pu (solid) 4 3H+ = Pu-*^ + ^2H., (gas) AH^y^ - -141 .9 kcal 

in IM HCl. As tlie best value that can be given for IM HCl, AF.^,^^ - 
142.7 kcal, the same as at infinite dilution, will be taken. 

(b) Pu^"*. Evans'^" has determined the heat of OAidation of Pu"*"^ to 
Pu"’*'* by Fe"*"^ and Correcting her data to agree with recent 

determinations of the Fe‘*"^-Fe‘*^^ couple by Fontana/’ the value AH^yp 
11.6 kcal can be calculated for the Pu'^^-Pu“‘"* couple in 0.5M HC10,j. 
However, Connick and McVey'*^ have determined the potential of this 
couple in IM HCIO^ over a range of temperatures and have obtained 
AH2y0 - 13,5 kcal. The Connick and McVey value is considered more 
reliable. There should be no great difference between llie value in 
0.5M HCIO4 and IM HCIO^. For the reaction 

+ H’’ - Pu"^ + »2H2 (gas) 

we accept as the best value in IM HCIO^, 

AH^sa -- 13 t 1 kcal 

Connick and McVey'*^ obtained 0.982 volt as the formal potential, 
or actually observed value with no corrections, for the Pu'^'^-Pu’’"'* 
couple in IM HC10^,or AF-^pp - 22.6 kcal. This value together with the 
AH of the couple yields AH23P “ 128.6 kcal and AF^^h -■ '120.1 kcal 

for the formation of Pu*’'"* in IM HCIO^ from the metal. 

The AF for the formation of Pu'^^ in IM HCl can be obtained from 
the Pu“^’^ value and the Pu'^'^-Pu”^'* potential measurements in IM HCl 
by Howland, Kraus, and Hindman/’ by Kraus, and by Hindman.^^ 
Connick and McVey"*® have recalculated these measurements to ob- 
tain - 0.959 volt for the formal potential in IM HCl or the observed 
potential uncorrected for activity coefficients. This then corresponds 
to 


AF23P - 22.1 1 0.1 kcal 
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for 


and therefore 


Pu+3 4 V 2 H 2 (g'ds) 

AF^pb " ^ 120.6 kcal 


for the formation of Pu"*"* in IM HCi from the metal according to the 
reaction 


Pu (solid) + - Pu-^^ + 2 H 2 (gas) 

The AH value in IM HCI can be obtained by assuming the same AS 
value for the couple as for the corresponding uranium 

couple or by assuming the same change in AH in going from per- 
chloric acid solutions to hydrochloric acid solutions as given in the 
case of uranium by BreAver, Bromley, Gilles, and Lofgren,^ The two 
results agree closely. The average gives AH^gg - -129.0 kcal for the 
formation of Pu'^^'* in IM HCI. 

(c) PuO^** . Correcting Evans’s^'^ determinations to agree with 
Fontana'*^ as in the case of wc obtain for 

Pu*+" ^ 2H,0 (liq) ^ PuO^-^ 4 . H"* 4 ^' 2 H, (gas) 

^^^298 ■ 2 kcal in 0.5M HCiO^, which will be also taken as the 

IM HCIO 4 value. Connick and McVey''^ liave combined the Pu'^'^-PuO^^ 
potential measurement.s of Hindman^'* and of Krau.s^'^' with the equi- 
librium determinations of Kasha and Sholine'*^ to obtain - 1.042 volts 
as the formal potential for the Pu‘^'*-PuO^^ couple in IM HCI. Connick 
and McVoy'*^ also give 1.023 volts for the couple in IM HCIO^. Thus 
we obtain AF.^gy - - 72.4 kcal for the formation of PuOj'’" from the 
metal in IM HCI and AF^yg 72.8 for the formation in IM HCIO.^. 
The hydrochloric acid value would be expected to be more negative. 
The Pu’^^-PuO^'*' potential in IM HCIO^ is probably not negative 
enough, but the differences are within the experimental error of the 
measurements . 

The AH given above for the Pu'^^-PuOj'^ couple yields AH.,^^ ■ 61.6 

kcal for the formation of PuO^''^ from the metal in IM HCIO^. To ob- 
tain the AH value in IM HCI, the same procedure will be used as was 
used for Pu^"* in IM HCI. .Assuming the same AS as for the uranium 
system gives AH - - 62.7 kcal. Assuming the same change from per- 
chloric to hydrochloric acid solutions as in the case of uranyl ion, 
AH ^ 61.7 is obtained. AH.yg -■ 62.2 Real was taken as the partial 

heat of formation of PuO.j"’ from the metal in IM HCI. 
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(d) PuOj '. Kraus and Moore*” report -0.930 t 0.015 volt for the 
formal potential of the PuC^-PuO^'*' couple in about O.IM CIO^. We 
have taken this value as the IM HCIO, value . The difference in en- 
tropies of PuCj* and PuO^'*' was estimated as 32 e.u. from graphs of 
ionic radius against entropy for monovalent and divalent ions. This 
gives 

AFjgg - +21.4 ± 0.4 kcal = —16 e.u. AH^gg = +16.6 ± 2 kcal 

for 


PuO+ + H+ = PuO++ +V 2 Hg (gas) in IM HC10< 

Connick and McVey^® give -0.912 volt for the PuOj-PuO^"'' formal 
potential in 0.5M HCl. Using the uranium data to correct to IM HCl, 
AFggg = 20.8 kcal is obtained. Using ASggg = -16 e.u., AHggg - 16.0 kcal 
is obtained for the above reaction in IM HCl. 

(e) Summary of Heats and Free Energies of Ions. The accompany- 
ing diagrams summarize the aqueous formal potentials in volts. 

IM HClOg: Pu ^ PU+* Pu^" PuOg^ ----PuO++ 

I -1.023 1 0.02 

-1.009 1 0.01 


IM HCl: Pu-^Pu+®^^^Pu-^-— — PuO+-^-PuO++ 

I -1.042 

-1 . 014 


The heats and free energies of formation of the ions from the metal 
are summarized in Table 4. The partial heats and free energies of 
formation of the ions from Pu'*'* are given in kilocalories per mole as 
follows: 



IM HCIO, 

' 

IM HCl 

'^^298 



^^298 

Pu*’ + H* = Pu**4'/,H, (gas) 

Pu*’ + 2HjO (liq) PuO.* * 2H* + Hj (gas) 
Pu*’ 4 2H,0 (liq) = PuOj* 4 H* 4 H, (gas) 

13.0 t 1 

63 t 3 
80 ± 2 

22.6 ♦ 0.1 

48.5 + 1 
69.9 t 1 

12.9 t. 1 

64 i 3 
80 t 2 

22.1 t 0.1 
49.5 + 1 
70.3 1 1 
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The presentation of the data in this manner has some advantages 
over Table 4 since these values do not depend upon the heat and free 
energy of solution of plutonium metal. Also, the uncertainties of the 
data are shown better here. However, either set of values will give 
the same results in calculations. 

3.2 Fluorides . PuFg - The vapor pressures, the boiling point, and 
heat and entropy of fusion have been recalculated from vapor pres- 
sure measurements of Phipps, Seifert, and Simpson.^® These workers 
have plotted the logarithms of the vapor pressures against reciprocal 
temperatures and through the points have drawn two lines to repre- 
sent solid and liquid vaporization. The intersection of these lines is 
at 1447°K. They have taken this temperature to be the melting point 
and from the slopes have calculated the heat and entropy of fusion to 
be 7.88 kcal and 5.47 e.u. An extrapolation of their equation gives a 
boiling point of 2310°K and a AS of vaporization of 38 e.u. The values 
so obtained of the melting point, heat and entropy of fusion, and en- 
tropy of vaporization do not seem to be reasonable when compared 
with the corresponding values for other fluorides. 

For this reason we have examined their data and find that their 
points could better be considered to lie on a curve instead of on two 
straight lines. This is to be expected if the ACp of vaporization is 
considered. A curve taking into account a ACp of sublimation of 
-14 e.u. would represent their data over their entire temperature 
range extremely well and would not indicate a melting point. Thus 
we have used their data to calculate a free energy of sublimation 
equation of the form 

AF ^ AHq - 2.3(-14) T log T + IT 

from which the vapor pressures have been calculated up to 10 "^ atm. 
In accord with other fluorides, a melting point of IGBO'^K and a heat of 
fusion of 13 kcal have been estimated. These have been used with the 
solid vaporization equation to obtain a similar equation for the liquid, 
using ACp = -16, from which the remaining vapor pressures and the 
heat and entropy of vaporization at the normal boiling point have been 
calculated. The resulting entropy of vaporization has the reasonable 
value of 27 e.u. 

PuFj forms black or purple hexagonal crystals of the LaFj type 
with a^ = 4.087, a, = 7.240, and a density®^*® of 9.32 g/cc. 

Values for (AF - AHgggVT have been estimated from the values for 
UF 3 calculated by the authors of this paper. ^ The heat of formation, 
^^aQBJ was determined by Westrum and Eyring^^ from the heat of pre- 
cipitation of PuFg . 
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Calculations based on the values in the accompanying tables indi- 
cate that PuFg vaporizes essentially undecomposed and that PuFg (gas) 
is stable to above 4000®K at 1 atm (Fig. 1). At lower pressures it de- 
composes to gaseous metal and fluorine provided there are no im- 
portant lower gaseous halides. At 1 atm total pressure, at the boiling 



o 

Q. 

< 



2000 3000 


TEMPERATURE, °K 

Fig. 1 — Gaseous equilibrium over -all romposltion, PuFj,. Curve A, PuFg; curve B, 
monatomic fluorine. Pressures: top,l atm; center, 10“^ atm; bottom, 10"® atm. 

point of PUF 3 , Pu (gas) is barely noticeable owing to the slight dispro- 
portionation of the PuFj. 

3.3 Chloride s, (a) PuClj. Abraham, Brody, Davidson, Hagemann, 
Karle, Katz, and Wolf‘® studied the preparation and properties of 
PuClj. The melting point has been determined by Robinson.^ The 
vapor pressures, boiling point, and heat and entropy of vaporiza- 
tion have been recalculated from the data of Erway, Gilpatrick, 



THERMODYNAMIC PROPERTIES OF PLUTONIUM COMPOUNDS 873 


Jasaitis, Johnson, Phipps, Sears, Seifert, and Simpson’^ by taking into 
account a ACp of vaporization of -12 and a ACp of sublimation of 
-10 e.u. This procedure gave a more reasonable entropy of vaporiza- 
tion at the boiling point than did an extrapolation of their equation. 
Their equation and the one chosen agree over the experimental range. 
The heat of fusion has been determined by the same workers from 
the slopes of vapor -pressure curves. The solid equation was obtained 
by using the heat of fusion and equating the vapor pressure of solid 
and liquid at the melting point. The vapor pressures used are some- 
what lower than those of Weinstock^ and may be in error because of 
impurities. This is evidenced by a lower melting point being obtained 
from the vapor -pressure curves than from a direct determination. 
PuClj forms green hexagonal LaClj-type crystals with a, = 7.380, 
ag = 4.238, and a density of 5.70 g/cc.“ 

Values of the function (aF - AH._jjg)/T have been estimated from 
those of the corresponding uranium compound. ‘ Westrum and Robin- 
son*®'*® have obtained from the heats of solution of the metal and the 
chloride AH = -229.3 lor the heat of formation of PuClg in kilocalories 
per mole. 

Figure 2 indicates that PuClj vaporizes undecomposed, but that at 
higher temperatures and lower pressures it decomposes to gaseous 
monatomic elements if there are no stable intermediate lower chlo- 
rides . 

(b) PuClg. There are no data that prove the existence of solid 
PuCl,, and there are many data to indicate that it does not exist. 
Values of melting point, heat and entropy of fusion, vapor pressures, 
boiling point, and heat and entropy of vaporization can be taken the 
same as for uranium.' Values of the function (aF ~ AH 2gg)/T have 
been estimated from the same source. 

Calculations based upon these values indicate that the dissociation 
pressure of Cl^ over solid PuClg at room temperature is about 10’ 
atm, which accounts lor the fact that PuCl, has not been found. De- 
spite the nonexistence of solid PuCl^ there will be some PUCI4 in the 
gaseous phase. The maximum concentration of PUCI4 (gas) in a sys- 
tem of total composition PuClj, which will occur in the neighborhood 
of the boiling point of the trichloride, is about 10"® atin when the total 
pressure is 1 atm and the temperature is 2040“K. Much higher con- 
centrations of PUCI4 (gas) can, of course, be obtained by increasing 
the halogen pressure, as by passing Clg over heated PuCl,. For ex- 
ample, at 2000°K (where the vapor pressure of PuCl, is about 0.1 atm), 
if the pressure of Cl.^, which equals approximately the pressure of Cl, 
is about 0.5 atm, the pres.sure of PuCl^ will be about 2 x 10”* atm. 
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(c) PuClg and PuCl, . There Is no evidence for the existence of 
these substances in either the condensed or gaseous phase. They 
would be expected to be even more unstable than PuClf and to be of 
no importance under any conditions. 





TEMPERATURE, “K 


Fig. 2 — Gaseous equilibrium over-all composition, PuClj. Curve A, PuClj; curve B, 
monatomic chlorine. Pressures; lop, 1 atm; center, 10"^ atm; bottom, 10“® atm. 


3.4 Bromides , (a) PuBr,. Davidson, Hagemann, Hyde, Katz, and 
Sheft^^ studied the methods of preparation and properties of PuBr,. 
The melting point has been determined by Robinson.’’ The heat of fu- 
sion has been determined by Phipps, Seifert, and Simpson^” by the 
difference in slopes of vapor pressure curves for liquid and solid. 
The vapor pressures, boiling point, and heat and entropy of vaporiza- 
tion have been recalculated from the data of these workers by taking 
into account a ACp of vaporization of -16 and of sublimation of -12 
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e.u. The entropy of vaporization at the boiling point as determined by 
an extrapolation of their equation is far too large and is replaced by 
a more reasonable value when the extrapolation is made with the aid 
of an equation involving ACp. Zachariasen^* reports that PuBrg forms 



z 



Fig. 3 — Gaseous equilibrium over-all composition, PuBfa. Curve A, PuBr^; curve B, 
monatomic bromine. Pressure.s: top, 1 atm; center, 10"* atm; bottom, 10 “® atm. 


green orthorhombic NdBrg-type crystals with a density of 6.65 to 
6.69 g/cc. 

Values of the function ( AF - AH;pg)/T have been estimated from 
corresponding values for uranium.^ The heat of formation was ob- 
tained from the heats of solution of the metal and the salt in 6M HCl, 
i.e., AH = -30.9 obtained by Westrura.*®’** Westrum and Robinson'*® 
have recently recalculated their results to obtain AHjg, = -199.2 kcal 
for the heat of formation of PuBrj. 
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Figure 3 indicates that PuBr 3 vaporizes undecomposed but that at 
higher temperatures and lower pressures decomposes to monatomic 
gaseous elements. 

(b) PuBr 4 . There are no indications that PuBr^ is stable in either 
a condensed or gaseous phase. Values of melting point, heat and en- 
tropy of fusion, vapor pressure, boiling point, and heat and entropy 
of vaporization have been taken the same as for the uranium system/ 
Values of the function (AF - AH 2 gg)/T have been estimated. 

The calculated equilibrium decomposition pressure of Br^ over 
solid PuBr^ at room temperature is 10^® atm. The PuBr 4 stability and 
concentration even in the gaseous phase is expected to be quite small, 
although in the presence of halogen and solid trivalent halide in the 
neighborhood of its boiling point, appreciable quantities of gaseous 
tetravalent halide probably exist. 

(c) PuBrg and PuBr^. These are expected to be even less stable 
than PuBr^ and to be of no importance. 

3.5 Iodides, (a) Hagemann, Abraham, Davidson, Katz, and 

Sheft^° have studied the preparation and properties of Pul^. The melt- 
ing point, heat and entropy of fusion, vapor pressures, boiling point, 
heat and entropy of vaporization, and values of the free -energy func- 
tion (AF- AH 2 Bfl)/T have been estimated from the values^ given for 
UI 3 and from the values for some of the rare-earth iodides.^" The 
heat of formation was estimated by taking the same difference be- 
tween the heats of formation for PuBr^ and Pul^ as existed between 
the heats of formation for UBr 3 and UI,. This procedure is not com- 
pletely reliable but can be expected to give fairly good values in this 
case. As an indication of the closeness of this approximation, we point 
to the difference of 32.4 + 2 kcal between the heats of formation of 
UCLj and UBrg (see reference 1) determined by the same worker and 
the difference of 30.3 between PuClg and PuBra. PUI 3 forms a bright 
green orthorhombic NdBcg-type crystal^''* with a density of 6.9 g/cc. 

(b) PUI 4 . See the discussion of PuBr^. The calculated decomposi- 
tion pressure of I 2 at room temperature is 10^*^ atm. It would be ex- 
pected that the maximum concentration of PUI 4 (gas) would be much 
less than that of PuBr^ (gas). 

(c) Pulg and PuIq. These compounds would be expected to be much 
less stable than the corresponding bromine compounds. 

3.6 Oxides, (a) PuPg . According to estimated heats, no oxide 
above PuOz would be expected to be stable. 

(b) PuOg . Phipps, Seifert, and Simpson®® have measured the quan- 
tity of plutonium that vaporizes in a vacuum from a sample originally 
PuOj. They found that the pressure increases with the time until a 
steady state is obtained. They have attributed this change to a de- 
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composition of PuOa- Thus from their data it is possible to give only 
a maximum vapor pressure of PuO^. By comparing their results with 
the value for the vapor pressure^ of UO 2 , we have chosen a pressure 
of 10 "** atm for PuOa (gas) in equilibrium with PuOg (solid) at 1800TC. 
From the free energy corresponding to this vapor pressure and an 
estimated entropy of vaporization of 30 e.u.,the temperature at which 
the vapor pressure is equal to 10 “® atm is calculated as 2200 TC. 

These workers also found in their curves a slight break at about 
20001^, which could be accounted for by a melting. However, this 
cannot be given definitely as the melting point of PuOg since the solid 
species was probably not pure PuOg. PuOj forms yellow cubic CaFg- 
type crystals with a - 5.386 and a density of 11.44 g/cc as reported 
by Mooney and Zachariasen.^^ 

Values of the function (aF - AH 20 b)/T were estimated from the 
corresponding values in the uranium system.^ 

The heat of formation has been obtained by combining the values 
of (aF ‘ AHyj^,)/T with the data of Abraham and Davidson® on the 
reaction 


PuO^ + HCl + * 2 H 2 r. PuOCl + H^O 

These workers have mea.sured the free-energy change for this reac- 
tion over the temperature range 723 to 915°K and have expressed 
their results in an equation of the form 

AF - - 8.5 + 9.5T/1000 kcal 


Although they estimated corrections that should be applied to their 
values to account for the amount of hydrogen diffusing out through 
their quartz chamber, they have not used these corrections in sum- 
marizing their data. We have used their estimated corrections for 
this effect and have obtained a free-energy equation 

AF - -7.9 + 9.5T/1000 kcal 


instead of their 


AF - -8,5 + 9.5T/1000 kcal 

The values of the free energies of PuOCl from this report and of 
water and hydrochloric acid from Brewer'® were combined with this 
equation to calculate the free energy of PuOg at high temperatures. 
The heat of formation was then obtained from the free energy and the 
(AF - AH 29 b)/T tables. - -251 kcal was obtained, which is in 
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excellent agrreement with the and Pu+^ heats and the heal of for- 
mation of UO 2 . 

(c) PUsOg. There are no data on the melting or vaporization, A 
constant entropy of formation of -63 e.u. has been assumed in accord 
with the entropies of formation of other metallic oxides as presented 
by Brewer.® A value of -387 kcal for the heat of formation of PugOg 
was obtained from a consideration of the difference in the heats of 
formation ofV 2 La 203 and LaClg and the heat of formation of PuClg. 
The heat of formation used for^/^LagOg was -228kcal from Bichowsky 
and Rossini^^ and for LaClg was -264 kcal from the Halide Report by 
the authors of this paper/^ 

The value so obtained indicates that if PuO is very stable, as is 
indicated by the measurements of Phipps, Seifert, and Simpson, then 
PugOg will disproportionate to PuO and PmO^. However, it appears that 
PuOg may be reduced to a solid solution of PuOg and PUgOg. Mooney 
and Zachariasen®*' report a solid solution range around Pu^O^. West- 
rum® gives results on the reduction of PuOg at high temperatures by 
potassium, sodium, carbon, barium, methane, tantalum, lithium, and 
calcium, but these are not too readily used for the calculation of 
thermodynamic quantities. 

(d) PuO . There are no data for the melting of this compound. It 
forms black cubic sodium chloride -type crystals with a = 4.948 and 
a density of 13.95 g/cc.®'' The entropy of formation has been assumed 
constant and has been estimated in comparison with data for other 
metallic oxides, which are summarized by Brewer.® The species 
volatilizing from the samples used by Phipps, Seifert, and Simpson®® 
may be PuO (gas), but their results have not as yet been interpreted 
completely. 

From the data given by these workers, a very rough phase diagram 
has been sketched which indicates that probably in their experiments 
with oxidized metal both PuO and Pu are vaporizing, while in the ex- 
periments with material originally PuOg, both Og and PuO are vapor- 
izing. If this indication is correct, the composition would not change 
much and so the vapor pressure should approach a constant value at 
any temperature. This may be the explanation of their ‘'steady state.*' 
From this diagram and also from a consideration of the vapor pres- 
sure of UO (see reference 1) a value for the vapor pressure of PuO 
was estimated. 

There are no data from which a good heat of formation may be cal- 
culated; however, an estimate may be made by considering some 
chemical evidence. From the fact that PuO is known to exist and 
PUgOg is believed to disproportionate, the heat of formation must be 
more negative per equivalent than PuOg and PugOg in order to prevent 
disproportionation of the PuO. By considering these data we estimate 
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that the heat of formation of PuO lies between -130 and -140 kcal 
per mole. If PuO is actually as stable as this, we would predict that 
it might be possible to prepare the divalent halides by heating the 
trivalent halides with the metal. 

3.7 Carbide , (a) PuC . The value of the entropy of formation was 
estimated from corresponding values of other diatomic carbides, 
which are considered by Brewer,® and was assumed constant with 
temperature. The heat of formation has not been measured; therefore 
only estimates can be made. PuC is reported by Zachariasen^®-” to 
have the sodium chloride crystal structure with a = 4.910 and a den- 
sity of 13.99 g/cc. Considering the heat of formation^ of UC we have 
estimated that the heal of formation of PuC is -25 kcal per mole. 

3.8 Nitride , (a) PuN . The value for the entropy of formation was 
estimated from corresponding values for other metallic nitrides as 
summarized by Brewer® and was assumed constant with temperature. 
PuN is brown and has the cubic sodium chloride -type crystal struc- 
ture with a = 4.895 and a density of 14.22 g/cc, as reported by Zach- 
ariasen.^®’^® 

There has been no determination of the heat of formation, and not 
much chemistry has been reported from which the heat can be calcu- 
lated. Abraham, Davidson, and Westrum"^ report qualitative results 
on the reaction 


PuClg +V 2 N 2 + 3/2 Ha == PuN + 3HC1 

Estimates based upon their work indicate that the free energy of this 
reaction must be less than 73 kcal. This, when combined with the free 
energies of the other substances and the entropy of FhiN, gives a heat 
of formation more negative than -49 kcal. The value of -95 kcal 
chosen from a consideration of the heats of formation of the other 
metallic nitrides and especially of UN (see reference 1) is consistent 
with the calculated value. 

3.9 Oxyhalides . (a) PuOF. There is insufficient evidence for the 
calculation or estimation of thermodynamic constants. It has been 
found by Robinson^ in some melting experiments and has been identi- 
fied by Zachariasen.®’'*® It is black-metallic in color and has the 
cubic CuFg type of crystal structure with a = 5.70 and a density of 
9.76 g/cc. Estimates based upon the heats and entropies of formation 
of PuOCl, PUCI 3 , and PuFj indicate very roughly that the heat of for- 
mation of PuOF should be somewhat less negative than -270 kcal per 
mole and that the entropy of formation should be about - 40 e.u. 

(b) PuOCl . Abraham, Brody, Davidson, Hagemann, Karle, Katz, 
and Wolf*® have studied the preparation and properties of PuOCl. 
There are no data on the melting point, heat and entropy of fusion, 
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vapor pressures, boiling point, or heat and entropy of vaporization. 
PuOClis green or blue-green and has the tetragonal PbFCl-type crys- 
tal structure with ai = 4.004, aj = 6.779, and a density of 8.81 g/cc." 
The data of Sheft and Davidson^^ were used to obtain the values of the 
free-energy equation for the formation of PuOCl. These workers have 
measured the equilibrium pressures of the reaction 

PuOCl + 2HC1 = PuClj + HjO 

between the temperatures 814 and 969°K and have expressed their 
results in a free-energy equation 

AF = -20.8 + 30. 9T /1 000 kcal 

This equation, when combined with the AH 2 gB and ( AFjgoo - AH 2 gg)/T 
values of PuClg from this paper and of hydrogen chloride and water 
vapor from Sec. I of the Halide Report by Brewer,*® gave 

AF = -222.7 + 37.9T/1000 kcal 

for the formation of PuOCl around 1000°K. This is in excellent agree- 
ment with AHjge = -222.8 kcal, which was determined by Westrum and 
Robinson*®’** for PuOCl from its heat of solution. 

(c) PuOBr . Davidson, Hagemann, Hyde, Katz, and Sheft** have 
studied the preparation and properties of PuOBr. There are no data 
on the melting point, heat and entropy of fusion, vapor pressures, 
boiling point, or heat and entropy of vaporization. FhiOBr is deep 
green and has the tetragonal PbFCl crystal structure with a, = 4.014, 
a, = 7.556, and a density of 9.07 g/cc. Sheft and Davidson® have meas- 
ured the equilibrium constants for the reaction 

PuOBr + 2HBr = PuBr, + HjO 

and have expressed their results as 

AF = -22.8 + 33.2T/1000 kcal 

Their equation is used together with the AHggB and (AF,ooo 
values of PuBr, from this paper and of hydrogen bromide and water 
vapor from Sec. I of the Halide Report by Brewer*® to obtain AF = 
-210 + 33T/1000 kcal for the formation of PuOBr around lOOOTC. By 
comparison with PuClg and PuOCl one would estimate a AHjgg value 
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more negative by about 8 to 10 kcal and a (AF,ooo - AH20 b)/T value 
somewhat more positive, but the values given in Table 3 should give 
AF values of the right order of magnitude around lOOOTC. 

(d) PuOL This compound has been prepared in the attempted prep- 
arations of Pulg and found to have a green color and the tetragonal 
PbFCl type of crystal structure with a, ^ 4.034, a3 = 9.151, and a den- 
sity of 8.46 g/cc.^® However, it has not been extensively studied, and 
therefore there are insufficient thermodynamic data to evaluate the 
heat and entropy of formation. However, estimates may be made 
based upon slight chemical evidence and the values of PuOBr and 
PuOCl. The entropy of formation of -32 e.u. is estimated for PuOI. 
From the paper reporting the preparation and properties of PuOI by 
Hagemann, Abraham, Davidson, Katz, and Sheft,^® free-energy esti- 
mates have been made and combined with the above entropy to give a 
heat of formation more negative than -182 (PuO^ = -254) kcal per 
mole. On the basis of some other experiments, a value more neg- 
ative than -167 (PuOa =-254) was estimated. On the basis of the 
heats of formation for PuOBr, PuOCl, PuClg, PuBcg, and Pulg, one 
can estimate a heat of formation for PuOI more negative than -195 
kcal per mole, which is taken as a very rough value for AHoqb- 

3,10 Silici^. (a) PuSjg. The work of Westrum,^^ who found that 
the silicide reaction 

PuF^ l.lCaSi^ = PuSig + l.lCaFg + 0.2SiF^ 

did not occur at 1573‘'K but did go at 1823TC,was used to calculate the 
free energy of the reaction, which was then used with the free ener- 
gies of formation of the other substances to obtain a free energy of 
formation of PuSia- The free energy and entropy of calcium fluoride 
were obtained from the Halide Report by the authors of this paper 
For silicon tetrafluoride the entropy of formation was calculated 
from the entropy of the compound as given by Kelley‘S and the en- 
tropies of the elements as given by Brewer;^^ the heat of formation 
was obtained from Bichowsky and Rossini. For calcium silicide the 
entropy of formation was estimated from a consideration of the en- 
tropies of other compounds of calcium as tabulated by Brewer;^ the 
heat of formation is from Bichowsky and Rossini. The entropy of 
PuSi2 was taken to be the same as for calcium silicide. The calcu- 
lated free energy of PuSi2 in the neighborhood of 1700"K is - 22o kcal 
per mole, and this combined with the estimated entropy gives -211 
kcal per mole as the very approximate heat of formation. PuSig has a 
silvery metallic color and the tetragonal ThSig crystal structure with 
= 3.97, a, = 13.55, and d = 9.12 g/cc as reported by Zachariasen.'** 
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3.11 Sulfides . There is insufficient evidence to enable the calcu- 
lation of the thermodynamic values for any of the plutonium sulfides. 
Abraham, Davidson, and Westrum*” report the following observations. 
They heated PuF, and calcium in a barium sulfide crucible (which was 
prepared by the authors of this paper*'') and obtained a phase that 
has been thought to be PuS . It was golden bronze and was believed to 
have the cubic sodium chloride type of crystal structure. Using an 
apparatus similar to that used by the authors of this paper at Berke- 
ley,*” they passed hydrogen sulfide overPuO, and obtained Phi^OjS and 
both identified by Zachariasen.”” PujO^S was slate black and 
had the hexagonal LajOg crystal structure with a^ = 3.919, a, = 6.755, 
and a density of 9.95 g/cc. PUjS, was black with a purplish tinge and 
had the cubic CCgSt type of crystal structure with a = 8.437 and a den- 
sity of 8.41 g/cc. In addition they obtained a product that was ana- 
lyzed as nearly Pu^Sj but was not isomorphous with the Ceg.^S^ pre- 
pared in the graphite -hydrogen sulfide system. This system seems 
to be similar in all respects to the cerium -sulfur system since Ce^S, 
prepared with a slight amount of oxide impurity is also converted to 
a different noncubic crystal form, which may be the ThgSj-type crys- 
tal form. 

An estimate of the heat of formation of PU 2 S 3 can be made by taking 
the same difference between the heat of formation of*iPu 2 S 3 and PuCl,. 
as there is between '.'iCejSj and CeCl,. The heat of formation of Ce^S, 
is taken from Evans,”” and the heat of formation of CeCl 3 is taken 
from the Halide Report.*” Such a procedure gives, as the heat of for- 
mation of PugSj, -240 kcal from rhombic sulfur and - 286 kcal from 
S, (gas) . The value of ( AF - AHj^g) /T has been taken the same as the 
entropy of formation per atom of sulfur of barium sulfide.*” 

4. GRAPHS OF GASEOUS HALIDE EQUILIBRIA 

The illustrations given here are for the purpose of indicating the 
important plutonium halide species for a given condition so that the 
thermodynamic constants given in Secs. 1 and 2 of this paper can be 
correctly used to calculate gaseous equilibria in plutonium systems. 

Each illustration gives the percentages of each gaseous species in 
a system in which the total composition is fixed; for example, the Pul, 
figure (Fig. 4) applies to a system in which the ratio of total I to Pu 
is always 3. The pressure is fixed at the value given, and the per- 
centage of the total pressure due to any gaseous species is shown as 
a function of the temperature. Solid or liquid phases are not indicated 
but are usually evident from examination of Table 1 and the gaseous 
composition indicated in the figure. 
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Compositions Intermediate between those given can usually be esti- 
mated by comparing the distribution of species from the figures 
nearest to the desired composition. By passing a large excess of 
halogen through the system, the species distribution can usually be 
estimated from an examination of the graph for the highest oxidation 
state. 



z 



> 



TEMPERATURE, "K 


Fig. 4 — Gaseous equilibrium over-all composition, Pul,. Curve A. Pul^; curve B, mon- 
atomic iodine. Pressures: lop, 1 atm; center, 10"^ atm; bottom, lO"** atm. 


Since no accurate data are available on the extent of solid or liquid 
solution formation, this formation was neglected in the calculations of 
these figures from the data of Tables 1 to 4. That is, all solids and 
liquids were assumed to be Immiscible. In cases where the laws of 
solution are known, they may be used to calculate the system more 
precisely, and in cases where solution is known to occur but where 
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the law of solution is not known, Raoult's law may be assumed as a 
first approximation. In any event it is expected that the graphs would 
not be changed appreciably by more rigorous treatment. Certainly 
the form of the curves will remain unchanged. And, of course, since 
a large portion of each graph covers a range in which everything is 
gaseous, condensed solution laws are not significant. In the event that 
solid solutions do occur , then the thermodynamic calculations should 
not be based upon stoichiometric compounds but rather upon the ends 
of the solid solution range that is nearest the over-all composition 
if the latter is outside the solid solution limits. If the over-all com- 
position is inside the solid solution limits, the midpoint of the range 
may be used for the calculations with sufficient accuracy. 

Since the entropies are not known for any plutonium compounds, 
the entropies estimated in Table 3 may be in error by as much as 
5 e.u., which means that most thermodynamic calculations may be 
in error by as much as a factor of 10. However, the entropies have 
in most cases been chosen to agree with experimental equilibrium 
data and therefore will accurately reproduce the experimental results. 

5. SUMMARY 

Values of the thermodynamic data for plutonium compounds have 
been given in four tables in Sec. 1. Table 1 gives melting, vapor 
pressure, and boiling data. Table 2 gives the constants for the free 
energy of vaporization equation together with heat and entropy of 
vaporization at the boiling point. Table 3 gives values of the free- 
energy function, (aF aH 20 b)/T, and AH^^a* Ibe heat of formation. 
Table 4 gives the heat, free energy, and entropy of formation for the 
aqueous ions. 

Section 3 contains a discussion of the high-temperature chemistry 
of the compounds considered. Section 4 presents five graphs to show 
the equilibrium concentrations of halogen or halide in plutonium and 
halogen systems at three different pressures, namely, 1 , 10 “^, and 
10 '® atm. 
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Paper 6.50 


THE EFFECT OF HYDROCHLORIC ACID CONCENTRATION 
ON THE HEAT OF SOLUTION OF THORIUM TETRACHLORIDEt 

By E. F. Westrum, Jr., and H. P. Robinson 


The need of checking certain calorimetric techniques^ provided an 
opportunity to make heat -of -solution measurements on a very pure 
sample of anhydrous thorium tetrachloride, which was sublimed in a 
quartz tube in high vacuum to eliminate any oxychloride present. 
About 50 per cent of the material was sublimed, sealed off, and loaded 


Table I — The Heat of Solution of Thorium Tetrachloride in Hydrochloric Acid 
(Temperature, 25-0"C; molecular weight ThCl,, 373.95) 



Weight of 

Millimoles 



Molarity 

acid, g 

of ThCl^ 

Heat evolved, 

H solution. 

of HCl 

(in vacuum) 

(in vacuum) 

cal 

kcal/mole 

1.000 

192.25 

0.7081 

40.66 

57.43 



0.8827 

50.66 

57.41 





57.42 ±0.1 

6.000 

212.25 

1.0258 

45.30 

44.16 



1.2323 

54.54 

44.27 





44.27 ± 0.1 

9.000 

217.25 

1.4136 

49.39 

34.94 



1.4256 

49.74 

34.89 


34.93 ± 0.1 


tContribution from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on work reported In Metallurgical Laboratory Memorandum MUC-GTS-1808 
(June 27, 1945). 
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into the sample bulbs within a dry box. The Analytical Section ana- 
lyzed this material as 62.8 per cent thorium and 37.8 per cent chlo- 
rine! (theoretical 62.07 per cent Th, 37.93 per cent Cl). Although the 
analysis totals more than 100 per cent and therefore cannot be re- 
garded as proof of the absence of oxychloride, it is estimated that the 
presence of as much as 2 per cent oxychloride would affect the heat 
of solution less than several tenths of a per cent. 

As might be expected, the observed rate of change of the heat of 
solution with concentration of hydrochloric acid is considerably larger 
than that of a tripositive ion of similar radius.^ 

The value of Chauvenet® for the heat of formation of thorium tetra- 
chloride is based on heats of solution of thorium in about 3 .6M HCl 
and ThCl^ in water (-56.7 kcal per mole). Our data indicate that the 
neglect of the effect of the hydrochloric acid concentration in the 
combination of these thermochemical data makes his value of the heat 
of formation about 9 kcal too large. Similarly distorted values were 
obtained among many of the heats of formation of thorium compounds 
tabulated by Bichowsky and Rossini.'* A redetermination of the heat 
of formation of thorium tetrachloride is considered very desirable. 
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A SEMI-MICROCALORIMETER FOR PRECISE 
THERMOCHEMICAL MEASUREMENTSt 

By E. F. Westrum, Jr., and H. P. Robinson 


The immediate need of reliable thermochemical data on plutonium 
compounds stimulated the construction of a semi -microcalorimeter 
capable of providing precise and accurate heats of reaction and solu- 
tion and, thereby, heat of formation values on compounds of the heavy 
elements within 10.3 kcal, using samples of about 25 mg or less. The 
limited amounts of plutonium available for the studies and the corre- 
six)ndingly small thermal effects necessitated a choice between an 
intricate, sensitive thermometric system and a calorimetric system 
of small heat capacity. The health hazard in handling quantities of 
dry O’ -active compounds and solutions and the necessity of decon- 
taminating the calorimeter after measurements to ensure the validity 
of subsequent radiometric assays of solutions and to make modifica- 
tions emphasized the desirability of rugged, simple construction, 
amenable to rather stringent cleaning procedures. Furthermore, the 
difficulty of immediate procurement of precision electrical instru- 
ments during wartime demanded relatively simple potentiometric, 
thermometric, and control circuits. 

A small-scale calorimeter with high sensitivity of temperature de- 
termination and a heat capacity of about 200 cal was constructed. It 
incorporated several modifications and improvements but no funda- 
mentally new principles as compared with a calorimeter previously 
described.*’^ A few details of design and technique may prove helpful 
to workers in this field. 


tContribulion from the ChemiRtry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. . 

Based on work reported in Metallurgical Laboratory Memorandum MUC-GTS-180B 
(June 27, 1945), p. 6. 
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Fig. ia — The calorimetric apparatus is shown assembled. The entire energy, thermo- 
metric, and thermostatic circuits as well as the storage cells and charging rectifier 
are contained in the main installation. The electric timers, communications receiver, 
impulse-selector circuit, and energy circuit galvanometer are on the desk and are 
connected by shielded cables. The cover of the thermostat and the galvanometer shield 
have been removed and placed to the right. 


Fig. lb — Schematic section through thermostat and calorimeter (the sensitive ther- 
moregulator shown in Fig. 2 is not indicated in this sectional view). 


A, stirring-head mechanism (detail in 
Fig. 5) 

B, bakellte terminal block for leads 

C, aluminum mounting panel for entire 
contents of the thermostat 

D, 5 -ply plywood foundation for panel 

E, cylindrical pyrex ]ar, 12 in. in 
diameter and 22 in. deep 

F, calorimeter submarine (detailed 
sectional view in Fig. 4) 

G, dry sawdust Insulation 

H, i?o-hp electric Induction motor 

J, idler pulley stud — steel springs In 
V-grooved bakellte pulleys transmit 
rotation to calorimeter shaft 


K, split rubber tubing providing vapor 
seal 

L, auxiliary mercury thermoregulator 

M, cold finger — cool tap water un- 
der a constant head is passed 
through a temperature -moderating 
interchanger to ensure balanced 
cooling irrespective of the ambient 
temperature 

N, 2 50 -watt knife heater 

O, multiblade stirrer 

P, baffle plate on stirring well 

Q, valve for filling toluene coil 
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The general arrangement of the thermostat and calorimeter is in- 
dicated in Fig. 1. The entire calorimetric unit, with the exception of 
the galvanometric systems, is enclosed in a wooden cabinet with bake- 
lite panels to ensure greater temperature constancy for the circuits 
and to protect the experimental installation from dust and from dam- 
age by the routine daily scrubbing of the laboratory walls for health 
protection. 


1. THE THERMOSTAT 

Energy was supplied to the 40-liter water thermostat by means of 
a knife heater of extremely small lag. Since the ambient temperature 
was frequently greater than that of the calorimeter, a cold finger was 
provided through which cool water of moderated temperature was 
circulated under a constant head. Both the cold finger and the heater 
were located within the stirring well, with the blade of the heater so 
oriented as to prevent bulk rotation of the water column. 

The average temperature of this thermostat is constant within 
0.001°C for a period of several hours; over longer periods a varia- 
tion of a few thousandths of a degree is noted. The fine detail of the 
temperature -time pattern was investigated with the low-lag calorim- 
eter thermometer and found to be a symmetrical sinusoidal curve 
of about 0.0006®C amplitude and a period of 100 sec. The regulator 
did not show appreciable susceptibility to atmospheric-pressure 
changes. 

1.1 Toluene Thermoregulator. The temperature of the bath wa.s 
controlled by means of the expansion of toluene within a 10-meter 
helical coil of ?B- in. -diameter copper tubing. Electrical contact was 
provided by mercury in a glass capillary of the form shown in Fig. 2. 
The pyrex-glass capillary was permanently connected to the copper 
tubing by depositing a platinum film on the glass tube by thermal de- 
composition of a chloroplatinate solution,*^ reinforcing this film with 
an electrodeposition of copper, and soft-soldering it into the tinned 
copper tube. The needle B, which made electrical contact with the 
mercury, was of 0.5-mm tungsten, tapered at the tip to a sharp point 
by means of the thermally induced reaction with sodium nitrite. A 
bead of nonex glass fused 5 mm above the tip served to guide and 
center the needle. This needle was made to oscillate slightly by 
coupling it with the stirring motor; the vibration thus transmitted 
provided a more sensitive make-break action. 

All the toluene used was treated with sodium plumbite and stored 
over mercury to eliminate the formation of crud at the mercury- 
toluene interface. Oxidation and fouling of the mercury -tungsten con- 
tact were prevented by a layer of toluene. 
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Fig. 2 — Cross section of u thermorcgulaior. 
section Indicates toluene. 

A, adjusting screw with lock nut 
D, tungsten electrode (about 15 mils 
diameter with pointed tip) 

C, nonex glass bead fused to tungsten 
in center electrode 


Solid section indicates mercury, dashed 

D, copper -wire electrode dipping into 
mercury 

E, sealed-in tungsten-wire contact 

F, mercury 

G, copper tube 
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115 V 
AC 



Fig. 3 — Thyratron energy-input circuit for thermostat. 


C|, 0.1 -^f condenser 
Pp 110 -volt pilot light (green) 

P,, 110-volt pilot light (red) 

Ri, 50,000 ohm 10-watt resistor 
R,, 2,000 ohm 10-watt resistor 
R], 1 -megohm resistor, V 2 watt 
R,, 0.1 -megohm resistor, Va watt 
R,, 10,000-ohm 10 -watt resistor 
Rg, 0.2-megohm resistor, V3 watt 
1 -megohm resistor, V 2 watt 


Rg, 250-watt 115-volt knife heater (in 
thermostaO 
S|, dpst switch 

Tj, Stancor transformer P-6289 
Tj, Thordarsen transformer T57A3B 
Tg, Stancor transformer P-5000 
TR^, sensitive thermoregulator (tolu- 
ene) 

TRg, protective auxiliary thermoregu- 
lator 


1.2 Electronic Relay . An electronic relay activated by the ex- 
pansion of the toluene -mercury regulator controlled the energy input 
into the thermostat. A diagram of the control circuit is shovm in 
Fig. 3. 

The operation of the circuit was as follows: Plate voltage to the 
first half of the 6SN7 was supplied by the high-voltage secondary of 
T, through the primary of Tj. When the temperature of the bath was 
low the regulator contact of TR, was open, permitting the first grid of 



PRECISION SEMI-MICROCALORIMETER 


B95 


the 6SN7 to have a bias voltage equal to the IR drop in Rj. This limit- 
ed the plate current to a small value. When the temperature rose, the 
regulator made contact and removed the bias, permitting a large plate 
current to pass. The alternating component of this current, taken 
from the secondary of Tj, was rectified in the second half of the 6SN7. 
A portion of the rectified voltage developed across R, - R^ was applied 
to the grid of the FG57 thyratron as a negative bias, thus preventing 
it from firing. The plate of the FG57 was supplied from the 115-volt 
a-c line through the bath heater, R^, so that when the thermoregulator 
contacts closed the heater current was cut off. A red pilot light, P^, 
was connected across the heater to indicate when the latter was on. 

To provide a safety cutoff in case the contacts of TR^ failed to close, 
a second thermoregulator, TR.^, was connected in parallel. This one 
was adjusted to close a tenth of a degree higher and was much less 
sensitive than the first. It was a commercial mercury unit completely 
sealed off from the atmosphere. 

2. THE CALORIMETER 

2.1 Calorimetric Vessel . A silvered and evacuated pyrex Dewar 
flask of about 200 ml capacity, provided with a ground standard-taper 
joint and an internal protuberance on the bottom to serve as an anvil 
on which to break the sample bulbs and facilitate circulation of the 
solution, served as the calorimetric vessel (Fig. 4). An attempt to 
use an evacuated silvered-glass stopper was unsuccessful on this 
scale because of the lag introduced by parts of comparatively high- 
heat capacity in such poor thermal contact as to reach equilibrium 
slowly. This type of stopper was unsatisfactory even when the Dewar 
flask and stopper were put directly into the bath. A stopper and sup- 
porting shaft of lucite also had appreciable lag. The arrangement 
finally used was a stopper with thin walls machined from lucite sup- 
ported on a metal column in good thermal contact with the bath. This 
design proved to have negligible lag. 

A cylindrical metal submarine surrounding the Dewar flask reduced 
the thermal-leakage modulus and provided additional protection. This 
can was sealed watertight with adhesive tape and was completely 
immersed in the thermostat. 

The calorimeter fluid was stirred by two four-bladed platinum pro- 
pellers about three -fourths the diameter of the stirring well provided 
by the thermometer cylinder. 

The platinum propellers were shrunk -fit tc the glass-tube stirring 
shaft, which also carried the very thin glass sample bulb at its lower 
extremity. A mechanism, shown in detail in Fig. 5, made possible the 
depression of the shaft by a predetermined amount in order to break 
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the sample bulb against the anvil without interfering with the rotation 
of the propellers. The constancy of the stirring speed was checked at 
frequent intervals with a revolution counter (200 to 250 rpm was 
found most satisfactory). 

2.2 Copper Resistance Thermometer . A bif liar -wound copper 
resistance thermometer of negligible lag consisted of 33 ft of No. 40 
double-silk-covered (dsc) annealed copper wire (49 ohms) provided 
with leads of No. 28 dsc manganin wire on the lower two thirds of an 
8-mil platinum cylinder, 2.4 cm in diameter and 11.5 cm in length 
(AA, Fig. 4), which served not only to provide heat exhange and to in- 
tegrate the temperature over a large region of the fluid but also as an 
effective stirring well. In the absence of the usual materials, a layer 
of lens paper and baked glyptalwas used to insulate the lacquered coil 
from both the internal platinum cylinder and the 5 -mil external jacket 
closely fitted over the windings. The outer jacket was welded to the 
inner cylinder with fine gold. 

A simple bridge circuit (Fig. 6) containing essentially only a decade 
box, a high-sensitivity galvanometer, and some manganin resistors 
made possible a temperature sensitivity of 0.00002°C. The bridge, 
composed of bif ilar -wound manganin resistors, was immersed in a 
5-llter transformer oil bath within the cabinet adjacent to the thermo- 
stat. The steps of the decade box were accurately calibrated; the 
contact resistances were estimated to introduce errors less than the 
sensitivity of the thermometer. 


Fig. 4 — Cross-sectional detail of calorimeter. 

S, brass tube 

T, paraffin seal between glass and 
brass to insure thermal contact 
with thermostat. Paraffin was al- 
so used for this purpose within the 
glass tube around the leads 

U, bronze bearing on stirring shaft 

V, stainless -steel tube 

W, lucite stopper 

X, glass tube bearing energy and re- 
sistance thermometer leads 

Y, silvered and evacuated pyrex De - 
war with 34/45 female Joint and 
anvil on the bottom 


Z, platinum tube for leads (this was 
sealed to X with Apiezon W Wax) 
AA, double -walled platinum thermom- 
eter and heater cylinder and stir- 
ring well 

BD, two four-bladed platinum propel- 
lers with gold hubs, shrunk-fit to 
glass stirring shaft CC 
CC, glass -tube stirring shaft 
DD, fragile glass bulb containing sam- 
ple to be dissolved 

EE, bakelite ring with rubber cushion 
supporting calorimeter 
FF, bra^s calorimeter submarine (ail 
brass parts are nickel -plated to 
resist corrosion) 
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2.3 Galvanometer Mounting . A very simple vibration -free galva- 
nometer mounting was provided by the device illustrated in Fig. 7. 
This mounting provided remarkable steadiness under extremely ad- 
verse circumstances, such as high space velocity of laboratory air, 
frequent pressure changes, and a vibrating building. It should prove 
of value in locations where, by virtue of temporary construction or 
heavy overhead ventilating equipment, the ceilings vibrate too much 
for a Julius -type suspension and where it is impracticable to provide 
a pillar independent of the building. 

The mount consisted of the suspended massive lead base, the motion 
of which was damped by vanes in transformer oil. This was supported 
on an BOO -Ib column of dry sand contained in a wooden box mounted on 
a sheet of -in. rubber on the laboratory floor; it was shielded from 
drafts and electrical fields by a sheet-metal cylinder provided with 
a celluloid observation port. 

2.4 Heater . The heater consisted of 91.68 ohms of No. 34 silk- 
insulated manganin wire with single leads of No. 27 dsc copper wire 
extending from the platinum cylinder nearly to the top of the platinum 
tube. Leads of No. 24 dsc copper wire extended out of the solution to 
the binding posts. The very simple energy-input circuit (Fig. 8) per- 
mitted current to flow through a ^'ballast*' resistor (R^g) exactly bal- 
anced against the heater (R] 7 ). When energy was being put into the 


Fig. 5 — Stirring-head mechanism. This assembly permits the momentary depression 
of the stirring shaft to break the fragile sample bulb without interference with the ro- 
tation of the shaft. Unless otherwise indicated, all parts are of brass, nickel -plated to 
prevent corrosion. 


A, manually depressed key for break- 
ing sample bulb 

B, screw stop to limit motion and pro- 
vide a locking catch on partial ro- 
tation of A 

C, arm and pillar supporting key; the 
entire unit can be rotated through 
90 deg to permit removal of collet 
and pulley hub 

D, steel spring 

E, knurled collet for glass stirring 
shaft 

F, rotating unit carrying stirring shaft 

G, screw stop to limit vertical motion 
of unit F 


H, bakelite V-grooved pulley forced 
over splined section on pulley hub 

J, screw transmitting rotational mo- 
tion of pulley from pulley hub to unit 
F 

K, upper bearing for pulley hub (steel 
shim is fitted over the pulley hub) 

L, steel spring to maintain unit F in 
neutral position 

M, fiber bearing 

N, oil channel 

P, disk for mounting calorimeter in 
thermostat or bracket 

Q, member connecting submarine with 
stirring head 

R, glass -tube stirring shaft 
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Fig. 0 — Thermometric circuit for calorimeter. 


B|, two lead storage cells 
G, Leeds & Northrup high-sensitivity 
galvanometer (sensitivity 0.077 
4V per mm, C.D.R.X. 28 watts, 
resistance 21 ohms, period 6.6 
sec.; galvanometer connected by 
means of two-conductor shielded 
cable and amphenol connectors) 
Ri, Leeds &Northrup 9,999-ohm four - 
decade precision resistance box 
R,, 33,000-ohm manganln resistor 
Rj, 1,000-ohm manganin resistor 
R4, 91.5-ohm manganin re.sistor 
R,, 5 -ohm manganin resistor (R2, R3, 
R4, and Rs are all immersed in a 
large oil bath, the copper conduc- 
tors to T are of No. 8 copper wire 
and are as short as possible) 


Rg, 35-ohm resistor 
Rj, 100-ohra resistor 
Rg, 300-ohm resistor 
Rp, 3,750-ohm manganin resistor 
R,o 150-ohm manganin resistor 
R,i 1,000-ohm manganin resistor 
Ri 2: 50-ohm copper galvanometer 
damping resistor 
Si, six-position tap switch 
Sa. spdt copper knife switch 
S„ spdt copper knife switch, with ad- 
ditional pole added as indicated 
T, 49.0-ohm copper resistance ther- 
mometer (in calorimeter) nonin - 
ductively wound with manganin 
leads. 
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Fig. 7 — Vibrationless galvanometer mounting. 


A, cast-iron triangular ring stand 
bases 

B, steel spring 

Cy sheet-metal dralt and electrical 
shield 

D, brass rods, Vain, in diameter 

£, high -sensitivity galvanometer on 
kinematic mount 

F, observation port of transparent cel - 
luloid 


G, steel rods, Hln. in diameter 

H, solid lead cylinder (about 35 lb) 

J, brass damping vanes in oil dashpot 

K, 5-ply, reinforced, circular wooden 
base 

L, about BOO lb of fine silica sand in a 
wooden box 22 in. square and 36 in. 
high 
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R, Rg 



Fig. S — See facing page for legend. 


calorimeter, the steady current was diverted through the heater by a 
relay electrically activated by time signals broadcast by the U. S. 
Bureau of Standards. The current was adjusted so that the IR drop 
across the standard resistor (R.,) would be exactly that of the stand- 
ard cell. The energy was calculated from the potential drop and the 
accurately known resistances of R., and R^^ The resistances were 
calibrated in two laboratories against standards of approximately 
equal resistances. 

2.5 Impulse -selector Circuit. Time signals received from the 
U. S. Bureau of Standards, Station WWV, consisted of 5 cycles of a 
1,000-cycle tone repeated every second except the S9th second of each 
minute. Superimposed on these were a 440-cycle tone and a 4,000- 
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cycle tone. The transformer (Stancor A-3852) was tuned to 1,000 cy- 
cles by means of the condenser so that the 440- and 4,000-cycle tones 
were rejected to some extent. 

The impulse selector (Fig. 9) operated as follows: The signal from 
the transformer was amplified in the first half of the first 6SN7 and 
applied to the other half, which was connected as a rectifier, A pulse 
was developed in the cathode circuit that was put to the first grid of 
the second 6SN7, closing relay L^for 0.1 to 0.2 sec. This action was 
repeated every second and thus kept condenser nearly discharged. 
On the 59th second no pulse was received, and C 5 charged sufficiently 
in about 1.3 sec. to increase the plate current through to a point 
where the latter closed. When the next pulse occurred, CgWas dis- 
charged and La opened, but if S 4 was depressed in the meantime, the 
impulse relay controlling the energy input to the calorimeter was 
operated exactly on the second. 

must be adjusted for the particular relay used so that it closed 
in about 1.3 sec. after a pulse. It was important for to remain 
closed until La opened. When S 2 was closed, the impulse relay could 
be operated on any signal. 


Fig. 8 — Calorimetric energy-input circuit. 1, 2, and 3 are cable connections with re- 
spective conductors on Impulse -selector circuit, (see Fig. 9). 


Bi, lead storage cell 

Weston standard cell 
B], seven heavy-duty lead storage 
cells 

G, galvanometer (sensitivity: 0,006 
ma per millimeter) 

L,, impulse ratchet-type sequence re- 
lay, advance-type 904A, 115 volts 
a-c, silver contacts 
spst relay, 115 volts a-c 
Pj, 120-volt pilot light (green) 

P,, 120-volt pilot light (red) 

P,, 6 -volt pilot light (green) 

P4, 6-volt pilot light (red) 

R,, 8,300 -ohm resistor 
R,, 300 -ohm potentiometer 
R3, 285-ohm re.sistor 
R4, 10-ohm resistor 
Rg, 10,000-ohm resistor 
R4, 0.5 -megohm manganin resistor 
R.,, 0.065 -ohm standard resistor (IRC 
precision manganin, nonlnductive- 
ly wound on ceramic core. Im- 
mersed in oil bath) 


R,, 50,000 -ohm manganin resistor 
Ry, 5 -ohm manganin resistor 
R,o, 1-ohm manganin resistor 
12. 5 -ohm potentiometer 
R„, 350 -ohm resistor 
R^3, 42 -ohm manganin resistor 
Ritf l|000-ohm manganin resistor 
Rj 5, 125 -ohm potentiometer 
Rjg, 100. 4 -ohm manganin ballast re- 
sistor (Immersed in oil bath) 

R, .,, 91 .68 -ohm calorimeter heater of 

manganin wire nonlnductlvely 
wound with copper leads (in cal- 
orimeter) 

S^, six -position tap switch 
S3, spdt toggle switch 

53, spdt toggle switch 

54, push-button contact 
Sp, push-button contact 

Sg, spdt copper knife switch 

S. ,, spdL copper knife switch 

Sg, dpst toggle switch (to rectifier for 
charging energy cells) 

Sg, dpdt toggle switch 
S,o, six-position tap switch 
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Fig. 9 — Impulse -selector circuit for time signals. 



0.0025 /if condenser 

R,. 

10 -megohm resistor 

C,. 

4-/iif condenser 

R4, 

0.1 -ohm resistor 

C,. 

0. 05-^1 condenser 

R,, 

25,000-ohm resistor 

C,, 

0.02 -/if condenser 

R.. 

4,400-ohm resistor 

C.. 

0.5-/if condenser 

n,, 

2,000 -ohm resistor 

C„ 

20 -/if condenser 

R,. 

50,000-ohm resistor 

C,. 

0.05-/if condenser 

R,. 

4,000 -ohm resistor 


0.05 -/if condenser 

Rjoi 

15 -megohm resistor 

C., 

4-/if condenser 

Riii 

20 -megohm resistor (see text) 

F.. 

2 ampere fuse 

Sn 

spdt switch 

L,. 

2,500 -ohm dpst relays 

s,. 

spdt switch 

L,. 

2,500-ohm dpst relays 

T,. 

transformer (Stancor A -38 52) 

R.. 

1,000 -ohm resistor 

T„ 

power transformer 

R*. 

750 -ohm resistor 




Note 1, Hallicraiter’s Echophone communications receiver EC-1. 

Note 2, cable connection with communications receiver. 

Note 3, shielded cable connection with relays, push buttons, etc., in calorimeter. 


2.6 Glass Sample Biilb . The fragile glass sample bulbs are shown 
in Fig. 10. In order to be able to weigh the small samples of hygro- 
scopic materials to ± 10 pg, the following procedure was tested and 
adopted. In a very light glass beaker of about 1 ml capacity were 
placed a cleaned and dried bulb, a matched glass bead, and a globule 
of Apiezon W Wax weighing 2 or 3 mg. After a series of these units 
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Fig. 10 — Glass sample bulb and sealing unit. 


were weighed, appropriate amounts of the hygroscopic samples were 
loaded into them by means of glass microfunnels, in a dry box with an 
anhydrous nitrogen atmosphere. The bead and globule of Apiezon W 
were put into place and the sealing was performed by warming the 
neck of the bulb with the sealing unit, also shown in Fig. 10. The 
melted wax formed an airtight fillet free from possible contact with 
the sample. The loaded units were then reweighed in the laboratory 
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atmosphere. Correction was made, where appropriate, for the change 
from air to nitrogen in the bulb. 

A large number of previously weighed metallic samples, sealed and 
reweighed by the above procedure, demonstrated the reliability of the 
method to be within 10 /ig. The net thermal effect produced by the 
breaking of the bulb and the consequent liberation of the small volume 
of nitrogen was observed to be less than 2 x 10~^ and was, therefore, 
below the limit of detection and experimental error. 

3 . OPERATION AND CALIBRATION 

The observed drift due to the thermometer and stirrer combined 
was 0.00007° C per minute, and the thermal leakage modulus was 
0.0009°C per min. The thermostat temperature was set to give a con- 
veniently small fore- and after -drift for the solution reaction, i.e.,the 
calorimeter temperature was usually a few tenths of a degree above 
that of the bath. It can be argued, however, that for hydrochloric acid 
solutions of concentration as high as 6M there would be no tendency 
for distillation even for a temperature difference several times as 
great. The extremely rapid solution of the samples and the attain- 
ment of equilibrium resulted in total heat correction of about 0.3 per 
cent during the experimental period. 

The amount of acid of given concentration in the Dewar vessel was 
accurately reproduced, by weighing, for each measurement. The heat 
capacity of the system was determined by electrical heating at two 
energy-input rates, one comparable with the rate of evolution of heat 
by the samples, and the other about half as great. The points repre- 
senting the individual runs deviated from a smooth curve by less than 
0.1 per cent for energy inputs varying in amount by a factor of 10. An 
electrical calibration was provided for each concentration of acid. 
These calibrations and the resistance of the heater were checked 
occasionally during the measurements of the heat of solution. 

As an additional check on the precision and accuracy of the instru- 
ment, a ‘‘chemical” calibration was made using the heat of reaction of 
very pure, freshly cut crystals of magnesium metal in IM HCl. Ac- 
curate measurements of this thermochemical quantity are given by 
Shomate and Huffman."* Duplicate runs under conditions and concen- 
trations comparable to those used by the above investigators gave 
values of 111.24 and 111.27 ± 0.08 kcal per mole for the heat of so- 
lution of magnesium compared to their mean value of 111.322 ± 0.041 
kcal per mole. All the values were similarly corrected for the va- 
porization of water by the evolved hydrogen. 

Measurements of the heats of solution and formation of plutonium 
compounds are described in accompanying papers. 
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4. SUMMARY 

The construction, calibration, and operation of a calorimeter of 
about 200 cal heat capacity and a temperature sensitivity of 0. 00002 °C 
and auxiliary equipment have been described. The calorimeter was 
designed to measure heats of reaction and solution accurate to sev- 
eral tenths of a kilocalorie on about 10~* mole of plutonium and the 
plutonium compounds. 
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Paper 6.52 


THE HEAT OF FORMATION OF PLUTONIUM TRIFLUORIDEt 
By E. F. Westrum, Jr., and L. Eyring 


Despite its insolubility in aqueous mediums, plutonium trifluoride 
lends itself to solution calorimetry at room temperature in that it 
separates from aqueous solution in crystallites of the anhydrous salt 
with average dimensions greater than 500 A. X-ray diffraction analy- 
sis of the precipitate by Zachariasen provided evidence supporting 
this assertion.* 

The following experimental procedure was adopted after consider- 
ation of available solubility data on plutonium trifluoride,^ and several 
survey experiments were conducted to determine optimum conditions. 
A fraction of a millimole of plutonium (HI) dissolved in about 170 g of 
1.5M HCl was precipitated by the addition of several grams of rela- 
tively concentrated hydrofluoric acid, and the heat liberated in the 
process was determined calorimetrically. Subsequent measurements 
were made of the heat of mixing of the two acids and the possible 
complexing effect on the plutonium(IU) remaining in solution. These 
data provide a measure of the heat of precipitation of plutonium tri- 
fluoride, which, when combined with other experimental thermo- 
chemical data, makes possible the calculation of the heat of formation 
of plutonium trifluoride. 

1. EXPERIMENTAL METHOD AND DATA 

The calorimeter of about 200 calories heat capacity provided with 
a copper resistance thermometer and a manganin heater as well as 
the method of electrical-energy calibration have already been de- 
scribed.’ The instrument was used with only minor modifications. A 
separate motor was Installed to provide constant stirring at 275 rpm. 


tContributlon from the Department of Chemistry and the Radiation Laboratory, 
University of California, Berkeley. 
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The inner surface of the Dewar vessel, the stirring shaft, and the 
lead tube were coated with a thin film of paraffin to prevent attack by 
the hydrofluoric acid. 

To facilitate the addition of the relatively concentrated hydrofluoric 
acid, the fragile glass sample bulb of the calorimeter was replaced 
by a somewhat larger cell of polystyrene (Fig. 1). No reaction of the 




Fig. 1 — Polystyrene cell for weighing and admitting aqueous hydrofluoric acid to the 
calorimeter. 


hydrofluoric acid was detected even after long contact with the poly- 
styrene- This cell provided with a base and cover (Fig. l)also served 
as a container in which to weigh the hydrofluoric acid and thus secure 
an exactly known quantity for the calorimetric measurements. The 
diluted c.p. hydrofluoric acid (standardized indirectly against mer- 
curic oxide) was transferred from its ceresin bottle with a transfer 
pipet^ the barrel and plunger of which were machined from poly- 
styrene rod. After the acid-filled cell was weighed and the platinum 
foil was sealed in place with a mixture of paraffin and ceresin wax, 
the cell was attached to the stirring shaft with a small bead of picein 
or Apiezon W. 

The solutions were mixed in the calorimeter by depressing the 
stirring shaft and thus rupturing the thin platinum foil against the 
"anvir^ in the Dewar vessel. Electrical-energy calibrations of the 
heat capacity of the calorimetric system were made during the indi- 
vidual runs. 

The solution in the calorimeter at the start of the run was 1.500M 
with respect to hydrogen chloride and contained a fraction of a milli- 
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mole of plutonium (m) per liter. The acid was standardized against 
mercuric oxide. Hydrogen (saturated with acid of identical concen- 
tration) was bubbled through the 1.5M acid continuously prior to the 
run to remove dissolved air and thus prevent possible oxidation of 
the plutonium. A plutonium (IH) solution is stable for several days in 


Table 1 — The Heat of Precipitation of PuF, at 25.0'^C 


Legend 

Run A 

Run D 

Uncertaintyt 

Amount of Pu(III) present initially in 
calorimeter (wt in vacuum con- 
firmed by a radiometric assay), 
micromoles 

366.65 

511.42 

±0.09 

Amount of Pu(lll) in solution after 
precipitation of PuF, (a radio - 
metric assay), micromoles 

9.61 

6.05 

±0.18 

Amount of PuF, precipitated (by dif- 
ference), micromoles 

357.04 

503.37 

±0.20 

Amount of HF in calorimeter (added 
as HF, 1.925 Hp), millimoles 

64.05 

62.05 

±0.00t 

Amount of 1.500M HCl (HCl, 35.97 

H3O, in calorimeter in vacuum), g 
Coefficients for Table 2: 

172.33 

172.56 

±0.03 

a 

705.2 

500.9 


b 

25,366 

18,017 


d 

178.4 

120.3 


e 

339.6 

331.6 


X 

0.02692 

0.01599 


Observed heat evolved, calories 

21.57 

22.10 

±0.05 

Heat evolved on dilution of aqueous 

HF (reaction 4), calories 

19.02 

18.43 

±0.09 

Heat of precipitation of PuF,, 
kcal/mole 

-7.1 

-7.3 

±0.3 


tThese values are conservative estimates of the maximum experimental error be- 
lieved to be associated with the measured quantity. They are In general considerably 
larger than the average deviations where independent measurements provide such 
indications. 

tThe uncertainty indicated here is a relative one; the error in the absolute amount 
of hydrofluoric acid present Is about ±0.07. 


hydrochloric acid thus treated. The plutonium trichloride, the prepa- 
ration and purity of which has been described elsewhere,*was weighed 
in sealed bulbs and dissolved in a weighed quantity of the acid ]ust 
prior to the run. After thorough mixing, aliquots of these solutions 
were withdrawn, and a confirmatory a radiometric assay of the plu- 
tonium content was made by the weighing technique described in 
another paper. > The calorimetric measurements were made as 



HEAT OF FORMATION OF PLUTONIUM TRIFLUORIDE 911 

quickly as possible after the preparation of the solution to avoid the 
slow air oxidation of the plutonium (III). The thermal effect due to the 
mixing of the two acids appeared to be complete in about 25 sec; the 
somewhat slower evolution of heat from the precipitation of the plu- 
tonium trifluoride persisted for about 5 min before the effect on the 
drift was negligible. The experimental period was considered com- 
plete when the thermal drift had reached the calculated equilibrium 
value for the observed temperature. 

Table 2 - The Heat of Formation of PuF, 

Pu (gas) = PuClg (solid) (1) 

PuCl, (solid) + [oHCl, (b * 3*/(i)HjO] - [PuCl,, oHCl, (b + 3«/d)H,0] (2) 

1(1 + i)PuClj, aHCl, bH,0] + (d + 3)/d|dHF. eH,0] 

= PuF, (solid) + lx PuCl,, (a + 3)HCl, dHF, (b + e + 3e/d)H,0] (3) 

IxPuCl,. (o + 3)HC1, (6 + 3e/d)H,0] +[dHF, eH,0] 

= [xPuCl,, (a + 3)HC1, dHF, (b * e * 3«/d)H,0] (4) 

VjH, (gas) + ViF, (gas) + (e/d)H,0 (liq) = IdHF, eH,Ol/d (5) 

'tIiPuCI,, oHCl, (6 + 3e/d)H,Ol +'iH, (gas) + 4C1, (gas) 

= 'alxPuCl,, (a + 3)HC1, (ft + 3«/d)H,0] (6) 

1(1 + x)PuCl„ oHCl, bH,0] + 3(e/d)H,0 (liq) 

»= 1(1 + x)PuCl„ oHCl, (6 + 3e/d)H,0] (7) 

1(1 + i)PuCl„ oHCl, (b + 3*/d)H,Ol + (oHCl, (b ♦ 3i!/d)H,0] 

= IPuCl,, oHCl, (b * 3e/d)H,Oj + IxPuCl,, oHCl, (b + 3e/d)H,Ol (8) 

Pu + ’yiF, (gas) := PuF, (solid) (fl) 


AH, ■ AH, + AH, + AH, -- AH, + 3 AH, - 3 AH, - AH, - AH, 


The granular precipitate of PuF, in the calorimeter after the run 
was observed to have the characteristic violet color of crystalline 
PuFj. No evidence of higher oxidation states or of the presence of 
PuF 4 was detected. In view of the rapidity of the process and the pre- 
cautions taken such oxidation would not be expected to occur. 

Immediately after the run aliquots by weight of the centrifuged 
supernatant solution from the calorimeter were diluted and plated by 
weight to determine the plutonium remaining in solution. No decrease 
in a activity was noted in subsequent aliquots taken after intervals of 
several hours. The data from these determinations are summarized 
in Table 1. The atomic weight of the plutonium was taken as 239.07 
and the molecular weight of PuCl, as 345.44. The data are expressed 
in terms of a defined calorie equal to 4.1833 international joules. 

Two determinations of the heat of mixing of the hydrofluoric acid 
and the hydrochloric acid solutions (reaction 4, Table 2) were made. 
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These runs were made with 172.56 g (in vacuum) of 1.508M aqueous 
HCl containing 7.0 ±0.1 micromoles of plutonium (m) to which was 
added 60.75 and 66.95 millimoles of HF (as HF, 1.925 H^O). The ob- 
served amounts of heat evolved were 18.0410.09 and 19.8010.09 cal, 
respectively. A somewhat less precise, and possibly less accurate, 
experimental arrangement was used for these two determinations. 


2. THE HEAT OF FORMATION 

The calculation of the heat of formation at 25°C can be summarized 
by the sequence of reactions indicated in Table 2. 

The heat of formation of plutonium trichloride (reaction 1) and the 
heat of solution of this compound in 1.500M HCl (reaction 2) were 
evaluated from the data of Westrum and Robinson*-* as -230.010.3 
and -29.51 0.1 kcal per mole, respectively. Reaction 3 corresponds 
to the precipitation reactions A and B (Table 1), reaction 4 to the 
supplementary heat of mixing experiments. 

Graphical interpolation of values for the heat of reaction of reaction 
5,'' i.e., the formation of aqueous hydrofluoric acid (HF, 1.925 HjO), 
yields -75.15 kcal per mole of HF at 25°C. No estimate of the relia- 
bility of this quantity is given; it is perhaps the major contribution 
to the uncertainty of the heat of formation of FhiF,. The heat of reac- 
tion 6 is assumed to be uninfluenced by the very small concentration 
of plutonium ions and is evaluated from the data of Rossini’'-* on the 
heat of formation of the infinitely dilute aqueous solution of hydrogen 
chloride, -40.02 ±0.04 kcal per mole, and on the relative apparent 
molal heat content of the aqueous acid solutions. Neglecting the small 
concentration of plutonium ion, reaction 7 corresponds to the heat of 
solution of 5.78 moles of water in hydrochloric acid of concentration 
HCl, 35.97 HjO. The thermal effect of this process is estimated from 
the apparent molal heat content data of Rossini* to be -0.06 kcal. 
Reaction 8 represents, essentially, the dilution of less than 3 per 
cent of the approximately 0.004M Pu(in) involved in precipitation 
reaction in 1.500M HCl with respect only to the concentration of the 
plutonium. The concentration of the acid and, therefore, the ionic 
strength of the solutions remain almost exactly constant. The heat 
of this reaction may therefore be assumed to be entirely negligible 
for the present calculation. 

The heat of formation of crystalline plutonium trifluoride is then 

^H2bb.i"k - 230.0 - 29.5 - 7.2 - 3(75.15) - 3(-39.15) + 0.06 

= -374.6 kcal per mole 
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3. SUMMARY 

Measurement of the heat evolved by the precipitation of PuF, from 
1.5M aqueous hydrochloric acid upon addition of aqueous hydrofluoric 
acid and of the heat of mixing of the two acids yielded a value of 
-7.2 ±0.3 kcal per mole for the heat of precipitation of PuFj from the 
solution. Combination of this value with other thermochemical data 
results in a heat of formation of -375 kcal per mole for the crystal- 
line PuFj at 25‘’C. 
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Paper 6.53 


THE HEAT OF FORMATION OF PLUTONIUM TRICHLORIDEt 
By E. F. Westrum, Jr., and H. P. Robinson 


The value of reliable thermochemical data for scientific and tech- 
nical purposes does not need to be emphasized. Plutonium trichloride 
was selected as the first compound of a transuranium element to be 
investigated thermochemically. Other workers' have suggested a 
value of 260 to 270 kcal per mole for the heat of formation of PuClj 
after failing to find evidence of reaction or evolution of heat in a mix- 
ture of Puds and cerium. This estimate was based on the assumption 
that the heat of formation of PuClgis probably greater than that of 
CeClj. 

This paper presents a description of the preparation of plutonium 
metal and the trichloride and the measurement of their heats of solu- 
tion in hydrochloric acid, from which data the heat of formation is 
derived. Since very limited quantities of plutonium were available, it 
was necessary to operate on the semimicro scale both in the calori- 
metric measurements and in the chemical analyses. 


1. PREPARATION AND PURITY OF THE PLUTONIUM METAL SAMPLES 

1.1 Plutonium Metal . This was prepared on the milligram scale 
by thermal high-vacuum reductions of plutonium halides prepared by 
the hydrohalogenation of plutonium(III) oxalate. ^ Samples from another 
laboratory were also used for some of the measurements. 


tContribution Irotn the Chemistry Division of the Metallurgical Latxiratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on work reported In Metallurgical Laboratory Memorandums MUC -GTS -1808 
(June 27, 1045), p. 6, and MUC-GTS-1873 (July 28, 1945), and Metallurgical Project 
Report CS-3180 (July 24. 1945), p. 5. 
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1.2 High -vacuum Valve . To facilitate the micro-scale batch pro- 
duction of metal in high vacuum, the valve shown in Fig. 1 was de- 
veloped and mounted in the line above the liquid-air trap. This valve 
had an aperture of nearly 3 cm, and it consisted of a pyrex glass plate 



[[JU UI) 

in 




Fig. 1 — Schematic cross-sectional diagram of glass high-vacuum valve. 


and circular seat, both carefully ground to a plane surface. A wind- 
lass, operated magnetically from outside the glass line, permitted 
opening and closing the valve, which by virtue of its large aperture 
and the freedom from lubricants, packing, etc., could be flamed and 
was well suited to high-vacuum work in a glass system. It permitted 
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breaking the vacuum in the furnace bulb to atmospheric pressure, and 
allowed loading of the furnace without cooling the mercury diffusion 
pumps. With a pressure differential of 1 atm, a triple -stage mercury 
diffusion pump of about 60 liters per second capacity was able to 
maintain a vacuum of 10~’ to 10~* mm Hg in the system. A small- 
diameter by-pass permitted reevacuation of the bulb with a separate 
mechanical pump. 


Element 

C 

N 

O 

s 

Fe 


Table 1 

Amount, ppm 

200 to 240 
20 to 30 
<200 
200 1 50 
100 


Method 

Microcombustion 

Microcombustion 

Microcombustion 

Colorimetric 

Colorimetric 


1.3 Purity of the Plutonium Metal . Spectrochemical analyses of 
high sensitivity were obtained for all the plutonium metal samples 
employed in this study. These indicated the absence of more than a 
few parts per million of most cations. 

Special microchemical analyses on certain samples gave the typical 
results shown in Table 1 . 

Still further evidence of the absence of significant amounts of plu- 
tonium compounds (PuO, etc.) was obtained by the precise comparison 
of the specific a activities of these metal samples with those of sam- 
ples prepared during an extensive investigation.^ 

To ensure a reproducible, well-defined standard state at 25° C, the 
globules of plutonium metal were treated so as to provide a stable 
material the uniformity of which could be established. 

2. PREPARATION AND PURITY OF PLUTONIUM TRICHLORIDE 

2.1 Preparation of Plutonium Trichloride . Plutonium(III) oxalate 
from the same stock used for the metal preparation was dehydrated 
in a platinum boat in a quartz reactor* by passing oxygen -free hydro- 
gen over the Pu 2 (Q 04 ) 3 'xH 20 at a temperature which was gradually 
increased to about 150°C. Then anhydrous hydrogen chloride, purified 
by fractional distillation, and hydrogen (mole ratio of HCl to of 
about 1.5) were passed through the reactor at a rate of about 60 ml 
per minute while the temperature of the reactor was raised very 
gradually over a period of several hours to about 300° C. It was then 
raised slowly to 700° C and maintained there for 8 hr. After it had 
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been cooled to room temperature and had been evacuated, anhydrous 
nitrogen was admitted to the reactor, which was then sealed, removed 
from the preparation line, and opened in the dry box for the immediate 
loading of a quartz tube for sublimation in high vacuum at about 
1000'’C. The sublimate collected in emerald-green crystals approxi- 
mately 0.3 mm in length. After the vacuum had been broken with 
purified anhydrous argon, the contents of the sealed-off sublimate 
section of the tube were loaded into the sample bulbs within a dry box. 
The identity of the material was established by the x-ray diffraction 
measurements of W. H. Zachariasen. 

2.2 Analysis of the Plutonium Trichloride . Spectrochemical anal- 
ysis indicated the essential absence of foreign cations. 

Micro-scale ignition to FhiOj of samples of the preparation gave 
gravimetric confirmation of the composition of the PuCl,. Platinum 
microcrucibles of the J. Lawrence Smith type, with well -fitted tele- 
scoping caps, made possible the loading of hygroscopic samples into 
the crucibles in the anhydrous nitrogen atmosphere of the dry box and 
weighing them in the laboratory atmosphere. Phosphorus pentoxide 
was weighed as a test material in preliminary experiments. Appro- 
priate corrections for the nitrogen atmosphere and for reduction to 
vacuum were made. After they had been ignited to constant weight at 
temperatures higher than those to be used for the actual conversion, 
the crucibles were loaded with a few milligrams of PuCl, in the dry 
box, weighed, opened, and placed on a platinum support which in- 
clined the crucible at about 60 deg from the horizontal. A platinum 
baffle prevented contamination by foreign matter. The crucibles were 
then ignited to constant weight in a platinum wound microfurnace in 
air by gradually increasing the temperature to 850° C. 

Two samples of PuCls from the above preparation showed losses in 
weight on ignition corresponding to 21.45 and 21.50 t 0.3 per cent 
(theoretical 21.52 per cent). 

Confirmation of the plutonium content of the trichloride (and evi- 
dence of the completeness of dissolution) was obtained from precise 
a radiometric assay of the solution in the calorimeter. These results, 
presented in detail in another paper. ^ show that the a activity of the 
Pu**® from the trichloride preparation (assuming pure PuClJ was 
70,730 ± 60 counts per minute per microgram; this may be compared 
with that of the metal used for these measurements (70,670 ± 70) and 
other larger specially prepared metal samples (70,660 t 70). 

3. CALORIMETRIC MEASUREMENTS 


The calorimeter, circuits, and electrical and chemical calibration 
have been described elsewhere.’ Electrical calibration of the heat 
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capacity of the system, with a weighed quantity of 6.0M HCl made at 
an energy input rate comparable to that of the solution reaction, 
showed consistency to better than 0.07 per cent. 

Dissolved air was removed from the carefully standardized hydro- 
chloric acid stock by a continuous slow stream of bubbles of purified 
hydrogen previously saturated with acid of identical concentration. 


Table 2 — Heat ol Solution of Plutonium Metal in 6.000 M HCl at 25.00° C 
Weight of Acid (vacuum) 212.25 g 



No. of 

Weight, 

vacuum, 

Plutonium 

content, 

radiometric 


Heat 

evolved, 

Corrected t 

AH solution, 

Samplet particles 

mg 

assay, % 

Analysis 

cal 

kcal/^mole 

A 

1 

19.43 

99.0 1 0.3 

1-2% Ca, 0.1% Na 

11.231 

(-138. 5)g 

B 

2 

30.38 

100.0 t 0.2 

Spec. pure. 

17.951 

-141.57 

C 

3 

47.29 

100.0 * 0.2 

Spec. pure. 

27.955 

-141.63 

D 

2 

44.24 

100.1 t 0.2 

Cf. Table 1 

26.155 

-141.65 

E 

3 

35.94 

100.1 + 0.2 

Cf. Table 1 

21.255 -141.70 

(av.)-141.64 + 0.2 


t Samples A, B, and C were micro-scale reductions. Sample A was remelted on a 
tantalum filament in high vacuum at )500°C. The surfaces of D and of E were me- 
chanically cleaned with a glass-fiber brush. 

lincludes correction of 10.31 kcal per mole of Pu for vaporization of solvent by 
evolved hydrogen. It was assumed that the hydrogen gas was saturated with water 
vapor and hydrogen chloride on leaving the solution at the partial pressures given in 
the International Critical Tables, Vol. Ill, McGraw-Hill Book Company, Inc., New York, 
1928. 

^Preliminary run, rejected from average value because of impurities introduced 
from contamination ol the laboratory distilled water supply. 


The acid was standardized against mercuric oxide by J. W. Bane of 
the Analytical Section. It was weighed directly into the calorimeter. 
Approximately 1 hr later the sample bulb was broken. Within 30 sec 
at least 95 per cent of the total energy evolved by the reaction was 
already apparent in the temperature rise. An hour later the calorim- 
eter was disassembled. Duplicate aliquots by weight of the solution 
were immediately talcen. Another portion of the solution was put into 
a glass -stoppered cell, and the absorption spectrum In the region of 
interest was determined with a Beckman spectrophotometer to estab- 
lish the ultimate oxidation state ol the plutonium. None of the pluto- 
nium (within 1 per cent sensitivity) was detected in oxidation states 
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higher than 3. The solution In the spectrophotometer cell showed a 
gradual oxidation such that Pu(IV) could be detected in 12 hr, and alter 
a week the pale blue -violet solution had perceptibly changed toward 
yellow-green, thereby indicating oxidation of the Pu(in) at a very 
slow rate. 


Table 3 — Heat of Solution of Plutonium Trichloride in 6.000 M HCl at 25.00° C 
Weight of acid (vacuum) = 212.25 g 


Sample 

Weight, 

vacuum, 

nig 

Plutonium 
content, 
radiometric 
assay, % 

Heat 

evolved, 

cal 

AH solution, 
kcal/mole 

A 

96.01 

99.8 t. 0.3 

6.754 

-22.14 

fi 

116.84 

100.2 ± 0.3 

7.51 

-22.2 

C 

96.51 

100.0 t 0.3 

6. IBB 

-22.15 


-22.151 0.1 (av.) 


The energy produced by the radioactive a disintegration of the plu- 
tonium provides no source of error on the scale of the present deter- 
minations. The energy of the liberated a particles, 2.8 x 10"® calo- 
ries per minute per milligram, is absorbed by the calorimetric sys- 
tem whether the sample is solid or dissolved. The possibility of the 
production of a temperature gradient, caused by self -absorption of the 
a particles within the solid sample, the surface of which is assumed 
to be at thermal equilibrium with the calorimeter, was considered and 
shown to cause an effect small compared to the experimental error. 

The heat -of -solution data are presented in Tables 2 and 3. The 
correction for the drift during the experimental period amounts to 
less than 1 per cent of the temperature rise because dissolution and 
the reattainment of thermal equilibrium were so rapid. 

4. THE HEAT OF FORMATION 

These data are expressed in terms of a defined calorie equal to 
4.1833 joules.® The atomic weight of the plutonium is taken as 239.07, 
and the molecular weight of PuClg is taken as 345.44. 

Addition of the sequence of reactions; 

Pu (c) + [xH20,i/HC 1] - [PuCl„ xHjO, (y - 3)HCll + (gas) (1) 
PuCl, (c) + nlxHjO, yHCll - [PuClj, niH^O, nyHCl] (2) 
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(gas) + VzCl, (gas) + [PuCl„ xH*0. (»- 3)HCl] - 

[PuClj.iHjO^j/HCl] (3) 

(n-1) [xHjO,yHCl] + [PuCl„ xH^O.^HCl] - [PuClj, nxH,0, ni/HCl] (4) 

Eq. 1 - Eq. 2 -t- Eq. 3 + Eq. 4 = Eq. 5 gives the desired formation 
reaction, 


Pu (c) + hC \2 (gas) « PUCI3 (c) (5) 

Reactions 1 and 2 correspond to the measured heats of solution 
with average values of Xj = 58,000, nxj = 32,000, my, = x,. myj = Xj 
(m = 8.105); consequently n = 0.56. For this value of n, the heat of 
reaction 4 is assumed to be zero since the salt is in high dilution in 
a medium of constant ionic strength. 

The heat of reaction 3 is assumed to be uninfluenced by the very 
small concentration of plutonium(in) and is evaluated from the data of 
Rossini^’’' on the heat of formation of the infinitely dilute aqueous so- 
lution of hydrogen chloride, 

AHjea., = -40.023 ± 0.040 Real per mole 

and on the relative molal heat content of 6 molar (6.000 molar = HCl, 
8.105 HjO). 

The heat of formation of crystalline PuCl, is, therefore, 

^^290.1 = ~ 141.6 + 22.15 - 3(36.84) = - 230.0 j: 0.3 Real per mole 

Consideration of the precision of the measurements, of the accuracy 
of the calibration, and of the purity of the substances suggests the 
reliability of the probable error indicated. 

5. SUMMARY 

The heats of solution of plutonium metal and crystalline PuCl, were 
determined in 6M HCl at 25°C as -141.6 ± 0.2 Real per mole and 
~22.15 ± 0.1 Real per mole, respectively. The heat of formation of 
PuClj from the elements was calculated to be -230.0 ± 0.3 Real per 
mole at 25° C. 
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Paper 6.54 


THE DEPENDENCE OF THE HEAT OF SOLUTION OF PLUTONIUM 
TRICHLORIDE ON THE CONCENTRATION OF 
HYDROCHLORIC ACIDt 

By H. P. Robinson and E. F. Westrum, Jr. 


The heat of solution of PUCI3 in 1.5M HCl was measured as part of 
a sequence of reactions to determine the heat of formation of PuF,. 
A value In more dilute acid was desirable to extrapolate the heat of 
solution to infinite dilution of the acid. Measurements were also made 
in more concentrated acid. 

1. THE PREPARATION AND PURITY OF THE PLUTONIUM TRICHLORIDE 

The method used for the preparation of these samples was similar 
to that previously described/ except that instead of the preparation 
being sublimed, the quartz reactor^ was cooled from 700 to 100°C and 
evacuated. After it had cooled to room temperature, the high vacuum 
was broken with nitrogen dried over phosphorus pentoxide. 

The preparation was identified and the crystallographic constants 
were determined by Dr. W. H. Zachariasen, using x-ray diffraction 
techniques. Spectrochemical analysis indicated the absence of foreign 
cations. Alpha radiometric assay on the solutions from the calorim- 
eter compared with accurate standards prepared from plutonium 
metal globules* from the same stock indicated the percentage of plu- 
tonium in the trichloride to agree with the theoretical value within the 
experimental error (±0.3 per cent). Ignition of samples to the oxide 
gave a gravimetric confirmation of the composition (±0.3 per cent). 


tContribuUon from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on work reported in Metallurgical Laboratory Memorandums MUC-GTS- 
1998 (Oct. 4, 1945) and MUC-GTS-1999 (Oct. 5, 1945). 
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2, THE CALORIMETRIC MEASUREMENTS 

The calorimeter, technique, and calibration have been described.^ 
Hydrogen saturated with acid of identical concentration was bubbled 
through the acid stock continuously to remove dissolved oxygen prior 
to each of the determinations. R. W. Bane of the Analytical Section 
standardized the various concentrations of hydrochloric acid volu- 
metrically against standard alkali or against mercuric oxide. 


Table 1 — Heal of Solution of Plutonium Trichloride in Hydrochloric Acid at 25.00*'C 




Weight 

Weight 

Theoretical" 




Concentration 

of acid 

of PuCla 

plutonium by 

Heat 



of acidj 

(vacuum), 

(vacuum), 

radiometric 

evolved. 

AH(solution), 

Sample 

molarity 

g 

mg 

assay, % 

calories 

kcal/molc 

A 

0.1000 

192.26 

67.16 

100.0 t 0.3 

6.174 

- 31.76 t 0.1 

B 

1.500 

192.25 

78.58 

99.6 ± 0.3 

6.694 

-29.43 

C 


192.25 

48.98 

100.1 i 0.3 

4.192 

-29.57 







-29.5 +0.lt 

Di 

6.000 

212.25 

96.01 

99.8 1 0.3 

6.154 

-22.14 

Et 


212.25 

116.84 

100.2 t 0.3 

7.51 

-22.2 

Ft 


212.25 

96.51 

100.0 1 0.3 

6.1B8 

-22.15 







- 22.15 -t O.lt 

G 

9.00 

217.25 

68.10 


3.708 

-14.54 t 0.1 

H 

11.38 

222.24 

98.35 

100.0 t 0.3 

2.8 ^ 2.9 

-(9.8 - 10.2) 


t Weighted average. 
^See reference 1. 


Solution of the finely divided crystalline trichloride takes place 
very rapidly (10 to 20 sec) if the hydrochloric acid concentration is 
6M and below, is definitely slower in the 9M acid, and is apparently 
four or five times as slow in the 11.38M acid. Spectrophotometric 
measurements indicated the absence of oxidation states higher than 
+3 for the duration of the runs for all concentrations of acid. The rate 
of air oxidation of the solutions removed from the calorimeter was 
several times as rapid for the two highest acid concentrations as for 
the more dilute acids. The data are summarized in Table 1 in terms 
of a defined thermochemical calorie equal to 4.1833 international 
joules. 

The single, unconfirmed value for the heat of solution in 11.38M 
acid is uncertain, at least to the extent indicated in Table 1, owing to 
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the presence of a hump of unknown origin In the temperature vs. time 
graph for the run. Three minutes after breaking the sample bulb the 
temperature rose to a maximum and smoothly decreased about 
0.001 “Cover 8 min, then settled down to a normal afterdrift in agree- 
ment with the calculated value of less than 10* 'degrees centigrade 
per minute. No evidence that this apparently unique effect could be 
attributed to some failure of the thermometric circuit was discerned. 

3. DISCUSSION 

As might be expected from an analogy with the large tripositive 
rare-earth ions and iron(lll), plutonium(III) does not appear to form a 
chloride complex in appreciable concentration'' below 4.4M HCl. 

If the A values (i.e.,the slope of the heat of solution of a trichloride 
salt vs. hydrochloric acid concentration over the range of 0-2.6 
moles per liter) are arranged against the ionic radius,' a linear re- 
lation Is observed within the experimental error of the meager avail- 
able data' on GaCl,, InCla, Lads, and FeCl3. It is noted that by using 
the ionic radius of plutonium given by Zacharlasen*' appropriately 
adjusted to Goldschmidt’s scale, the A value for PuCla also falls on 
such a curve. 

The three determinations of the heat of solution at O.IM, 1.5M, and 
9.0M HCl are linear when plotted against the molarity of the acid. 
The short extrapolation of the solutions about 10''M with respect to 
plutonium gives AHjm.i = ~31.9 kcal/mole for the reaction 

PuCl3(c) = Pu+s + 3C1" 

Combining this value with heat of formation of the infinitely dilute 
aqueous solution of hydrogen chloride ^*’*'and the heat of formation^ 
of PuCl, yields a value of AHggg =-141.8 kcal/mole for the reaction 

Pu(c) + 3H+ = Pu-'^' + (gas) 

The entropy of this reaction has been estimated^' AS2B8.1 = 9-9 e.u. 
from which AFjga.i = -142.9 kcal/mole. 

4. SUMMARY 

The heat of solution (reaction) of PuClj has been measured at 25“C 
in hydrochloric acid of concentration O.IM, 1.5M, 6M, 9M, and 11. 4M. 
The heat of solution of PuCl, in infinitely dilute hydrochloric acid has 
been found by extrapolation to be -31.9 kcal/mole, and the heat of 
formation of Pu(in) ion has been calculated as -141.8 kcal/mole. 
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Paper 6.55 

THE HEAT OF FORMATION OF PLUTONIUM TRIBROMIDEt 


By E. F. Westrum, Jr. 


This paper presents measurements of the heat of solution of pluto- 
nium tribromide. These data, combined with our earlier measure- 
ments of the heat of solution of plutonium metal and other thermo- 
chemical data, permit tlie calculation of the heat of formation. 

1. THE PREPARATION AND PURITY OF PuBr, 

A portion of the stock of plutonium specially purified for the pluto- 
nium calorimetric work^ was precipitated as Pu 2 (C 204 ) 3 ‘a;H 20 and 
converted to PuBr, in a quartz reactor^ with an equimolal mixture of 
oxygen-free anhydrous hydrogen and fractionally distilled hydrogen 
bromide prepared from hydrogen and bromine. The temperature of 
the reactor was gradually raised to 650°C, and the reactor was kept 
at this temperature for 4 hr. After the preparation was transferred 
to a 4-mm I.O. quartz tube in a dry box, it was distilled in a high 
vacuum at about 800°C. The quartz tube was sealed off after the 
vacuum was broken with anhydrous, oxygen-free argon; the tube was 
later opened in a dry box and immediately loaded into the sample 
bulbs, which were then sealed and weighed. 

The identity and crystallographic constants of the preparation were 
established by W. H. Zachariasen. Ignition in air of two samples of 
PuBr, by the micro technique previously described^ gave losses in 
weight of 43,37 and 43.29 ± 0,06 per cent compared to a theoretical 
loss of 43.39 per cent. The mean value of the analyses would corre- 
spond to about 0.2 per cent PuOBr if PuOBr is assumed to be the only 


tContrlbutlon from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on work reported in Metallurgical Project Report CS-3160 (July 24, 1945), 
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impurity. Very sensitive spectrochemical analysis established the 
absence of other metals. 

Alpha radiometric assay^ of the final solutions in the calorimeter 
indicated the theoretical content of plutonium 239 within ±0,02 per cent, 

2. THE HEAT OF SOLUTION 

Details of the calorimeter, the technique, and the calibration are 
described^ in another paper of this volume. 

The same 6M HCl stock used for calorimetric determinations on 
Pu and PuClg was similarly saturated with hydrogen to remove dis- 
solved air and to prevent oxidation of plutonium(in) in these meas- 
urements. 


Table 1 — The Heat of Solution of PuBrj in 6.000M HCl 


Weight of hydrochloric acid (in vacuum), 212.25 g; 
temperature, 25.00'’C; percentage of the theoretical 
plutonium content (a radiometric analysis), 100.0 i 0.2 per cent 



Weight of PuBr, 

Heat 

^H solution, 

Sample 

(vacuum), mg 

evolved, cal 

kcal/mole 

A 

120.33 

7.752 

“30.85 

B 

145.60 

9.382 

“30.85 

-30.85 + 0.1 (av.) 


The dissolution of the PUCI3 was more than 95 per cent complete in 
20 sec. The data are given in Table 1. Spectrophotometric tracings 
of the absorption spectrum of the plutonium(ni) solution from the 
calorimeter showed the absence of the tetrapositive and hexapositive 
oxidation states within the limit of detection of about 1 per cent. 
The a radiometric assays of weighed aliquots of these solutions show 
the completeness of the dissolution. 


3. THE HEAT OF FORMATION 

These data are expressed in terms of a defined calorie equal to 
4.1840 absolute joules. The atomic weight of Pu”® is taken as 239.07; 
the molecular weight of PuBr, is taken as 478.82. 

The heat of formation of plutonium bromide, 


Pu (c) + %Br2 (gas) - PuBrj (c) 


( 1 ) 
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is the resultant of the series of reactions, i.e., 

(1) = (2) -(3) + (4) + (5) 

Pu (c) + [xH,0, yHCl] - [PuCl„ iHjO, ( y- 3) HCl] + (gas) (2) 

PuBr, (c) +n[iH20, j/HCl] - [PuBrj, nxHgO.nyHCl] (3) 

V2H2 (gas) + ^Brg (gas) + [PuClg, xHgO, (y- 3) HCl] - 

[PuBrs, xHgO, i/HCl] (4) 

(n-DLxHgO.l/HCl] + [PuBrj, xHgO, yHCl] - [PuBrj, nxHgO, nyHCl] (5) 

Reactions 2 and 3 correspond to measured heats of solution of 
plutonium^ and plutonium tribromide with X| = 58,000 = myj, and 
nxj = 35,000 = nmyj (m = 8.105)-, therefore, n = 0.60. The heat of the 
approximately twofold dilution of plutonium(III) bromide in 6M HCl 
(reaction 5) is taken as zero since the plutonium concentrations are 
less than 3 X 10~^M. It is assumed that the heat of reaction 4 is not 
influenced by the vanishingly small concentration of plutonium and 
that the apparent heat of formation of hydrogen bromide is the same 
in an aqueous solution of hydrogen chloride as in an aqueous solution 
of hydrogen bromide of the same molality. 

3.1 PuBrj. Graphical interpolation of values* for this heat of the 
reaction 

VzHa (gas) + ‘/iBrg (liq) + (-^1) [HBr, 8.IOI6H2O] 

= |[HBr, g.lOSHgO] 

gives 

AHju = -27.41 - 1.72 = -25.69 kcal per mole 

To obtain the heat of formation of gaseous bromine, we correct for 
the heat of vaporization at 25°C, 7.34 kcal per mole, and obtain 

AHgge = -29.36 kcal per mole 

The heat of formation of plutonium tribromide from gaseous bro- 
mine and plutonium is 


AHgg, = -141.6 + 30,85 - 3(29.36) = -198.8 kcal per mole 
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The corresponding value using liquid bromine as the standard state 
is 

= -187.6 kcal per mole 

4. SUMMARY 

The preparation of PuBr, has been described. 

The heat of solution of PuBr, has been measured in 6.0M HCl at 
25.00°C and found to be -30.85 ± 0.1 kcal per mole. The heal of for- 
mation of PuBr, (c) from gaseous bromine and plutonium is calculated 
as -198.8 kcal per mole; the corresponding value using liquid bro- 
mine as the standard state is -187.8 kcal per mole. 
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Paper 6.56 


THE HEAT OF FORMATION OF PLUTONIUM OXYCHLORIDE t 
By E. F. Westrum, Jr., and H. P. Robinson 


Plutonium oxychloride has been prepared and its heat of solution 
in hydrochloric acid has been determined. These and other measure- 
ments permit calculation of an accurate value for its heat of for- 
mation. 

1. PREPARATION AND PURITY OF PLUTONIUM OXYCHLORIDE 

Plutonium oxychloride was prepared from plutonium chloride by 
reaction with a stream of hydrogen, hydrogen chloride, and water 
vapor. The specially purified plutonium prepared for calorimetric 
purposes by the Recovery Group was reduced, precipitated as oxa- 
late, and washed. The Pu^ ( 0204 ) 3 ' iH^O was converted* to PuClj, in a 
quartz reactor (see Fig. 1) attached to a flow system and vacuum line, 
by passing oxygen-free hydrogen and fractionally distilled hydrogen 
chloride through the reactor. During the process the temperature 
was raised from 25 to 600°C over a period of 4 hr and maintained at 
the higher temperature for 12 hr. The reactor was then cooled to 
150°C and evacuated to 10 -* mm Hg pressure, the furnace was re- 
moved, and the sample was cooled to room temperature in purified 
argon. The preparation was made from oxalate via the trichloride 
because of the difficulty of hydrochlorinating PuOj. 

Hydrogen and hydrogen chloride were then passed into the system 
at such relative rates that upon saturation with water vapor and hy- 
drogen chloride from the bubbler (see Fig. 1) containing concentrated 


tCuntribuUon Irom the Chemistry Division ol the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 
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hydrochloric acid (11.8M), the composition of the hydrochloric acid 
remained constant. Under these conditions (suggested by the data of 
Sheft and Davidson’ and modified empirically after further ejq)eri- 
mental study) the partial pressures of the HjO, HCl, and were 
0.43 cm, 15.8 cm, and 74 cm, respectively. The total flow rate was 
about 110 cc per minute for a 400- mg batch. The temperature was 
raised gradually to 675°C and held at this value for 8 hr. 

The PuOCl was a pale, bluish-green color nearly indistinguishable 
from that of PUCI 3 , of similar crystal size, and very porous. Zacha- 
riasen identified the phase as that of PuOCl by x-ray diffraction; he 
obtained no diffraction lines due to other phases, which indicated less 
than 10 per cent of a nonisomorphous crystalline impurity. He stated 
that the crystallite size was larger than 500 A, 

No metallic impurities were detected by spectrochemical analysis. 
Duplicate microgravimetric determinations of chloride as silver 
chloride made on the 8 -mg scale indicated, respectively, 12.21 and 
12.19 ± 0.1 per cent chloride (theoretical, 12.21 per cent). 

Alpha radiometric assay for plutonium (by the precise gravimetric 
method’ developed by one of the authors) on the samples dissolved 
in the calorimeter runs A, B, and C yielded 82.24, 82.28, and 82.26 
± 0.07 per cent, respectively (theoretical for PuOCl, 82.29 per cent 
plutonium). 

Freshly prepared anhydrous PuOCl showed no increase (±0.1 per 
cent) in weight upon 2 hr exposure to the atmosphere at 25°C and a 
relative humidity of 34 per cent. 

2. THE HEAT OF SOLUTION OF PuOCl 

The calorimeter and its calibration and the technique used have 
been described.* Additional electrical energy calibrations of the heat 
capacity of the calorimeter made during these measurements were in 
excellent accord with previous values. Special care was used to satu- 
rate the acid with hydrogen and to remove traces of oxygen. The 
PuOCl samples dissolved very rapidly; 99 per cent of the temperature 
rise was observed in 25 sec after breaking the fragile sample bulb. 
The calorimetric data are presented in Table 1. 

3. THE HEAT OF FORMATION 

The appropriate atomic weight for the plutonium used in these 
measurements is 239.07, and the molecular weight of PuOCl is 290.53. 
These data are expressed in terms of a defined calorie equal to 4.1833 
international Joules. 
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The formation reaction of crystalline PuOCl from plutonium metal 
and gaseous chlorine and oxygen 

Pu (c) +y2Qj (gas) +ViCla{gas) = PuOCl (c) (1) 

Is the resultant of the following reactions: 

Pu (c) + [xHaO, yHCl] - [PuClg, xHjO, {y- 3)HC1] +y2Ha(gas) (2) 

PuOCl (c) + [xHjO, yHCl] - [PuCl,, (x + l)HaO, (y- 2)HCl] (3) 

VaHj, (gas) + ViCl, (gas) + [PuClj, xHaO, {y - 3)HCl] 

- [PuClj, xHjO, (y - 2)HCl] (4) 

H* (gas) +V2Q! (gas) + [PuClj, xHaO, (y - 2)HC1] 

- [PUCI3, (X + l)HaO, (y - 2)HC1] (5) 

We have reported the heat of solution of plutonium metal in the 
same calorimeter* under conditions almost identical with those for 


Table 1 — The Heat of Solution of Plutonium Oxychloride in 6M HCl 

Weight of acid, vacuum = 212.25 g; temperature = 25,00°C; percentage of 
theoretical plutonium content (radiometric assay’ = 100.0 t 0.2 per cent) 



Weight of PuOCl, 

Heat 

AH solution, 

Run 

vacuum, mg 

evolved, cal 

kcal/mole 

A 

100.96 

B.39fi 

- 24.17 

B 

107.66 

8.956 

-24.17 

C 

108.32 

9.008 

-24.16 

-24.17 + 0.1 (av.) 


the heat of solution of PuOCl. The heat of dilution of plutonium(in) 
chloride in 6M HCl (with respect to the concentration of PuCl, only) 
is taken as zero since the concentrations are so small and since the 
ionic strengths of the solutions are the same. It is further assumed 
that the heats of reactions 4 and 5 are the same in the absence of the 
approximately 0.0002M concentration of plutonium since the ionic 
strengths of the solutions compared are equal. 

The heat of formation of the infinitely dilute aqueous solution' and 
the relative apparent molal heat content of 6 molar (= 6.844 molal) 
hydrogen chloride is used to evaluate reaction 4. The heat of forma- 
tion of liquid water* at 25°C together with the apparent molal heat 
contents of the solutions provides the heat of reaction 5. Therefore 
at 298° K 
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ah;, = ah;, - ah;, + ah;, ^ ah;, 

= -141.6 + 24.17 - 36.84 - 68.52 = -222,8 kcal per mole 

is the heat of formation of plutonium oxychloride from plutonium 
metal, oxygen, and chlorine gas. 

4. DISCUSSION 

Shefl and Davidson^ have studied the equilibrium pressures of the 
reaction 


PuOCl + 2HC1 (gas) = PuCl, + H^O (gas) (6) 

between temperatures of 814 and 969°K, and they have extrapolated 
a value of AH^qb , = -22.2 ± 0.7 kcal per mole for reaction 6. 

From our data on the heats of solution and the heats of formation 
of water and hydrogen chloride, ° we estimate a value of AH 2 bb.i = 
-20.3 ± 0.3 for this reaction. The difference appears to be beyond 
their indicated experimental uncertainty. However, they clearly did 
not achieve complete equilibrium. Moreover, a straight line, the 
slope of which corresponds to our value of the AH 2 gB reaction 6, 
can be drawn through their scattered experimental points (on a graph 
of log K vs. 1/T) so that all the points which lie above the line are 
from experiments in which equilibrium was approached from the 
water-rich side, and, conversely, so that all the points which lie below 
the line are from experiments in which equilibrium was approached 
from the water -poor side. 

Consequently it appears that the experimental data of Sheft and 
Davidson are entirely in accord with the values reported in this paper 
but that their treatment of the nonequilibrium data by the method of 
least squares and estimation of the experimental error on this basis 
may not be justified. 


5. SUMMARY 

The heat of solution of plutonium oxychloride in 6M HCl at 25°C is 
-24.17 ± 0.1 kcal per mole. The heat of formation of PuOCl is -222.8 
±0.3 kcal per mole. These data are correlated with other thermo- 
dynamic measurements. 
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Paper 6.57 


THE PREPARATION AND PROPERTIES OF PLUTONIUM OXIDESt 

By E. F. Westrum, Jr. 


The chemistry of the plutonium oxides is important in evaluating 
the metal -oxygen systems of the heaviest elements. Consequently, 
methods of synthesis and observations of the properties and reactions 
of plutonium oxides are considered in this paper. The determination 
of the vapor pressure of plutonium oxide systems, and the crystal 
structure' are described in other reports. Plutonium hydroxides and 
peroxides are not included within the scope of this report, but they 
are considered elsewhere. 

1. PREPARATION OF PLUTONIUM DIOXIDE 

The dioxide, Pu02, is the most stable oxide of plutonium, and it is 
the final product of the ignition of most plutonium compounds in air. 
It is commonly prepared on the macro scale by igniting the following 
compounds in air at the temperatm-e ranges indicated: 

Pu(N 03)4 -xH *0 at 300 to 1000“C 
Pu 02(N03)2 -xH 20 at 230 to 1000°C 
PU2(C304)3 at 300 to lOOO-C 

In addition to preparation by the above reactions, very reactive 
micro and milligram scale preparations are made from low -temper- 
ature air ignition of Pu(OH)t ^nd Pu(C20l()2'XHp. The air Ignition of 


tContrlbutlon from the Chemistry Division of the Metallurgical Laboratory, Uni- 
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PuFf, PuF,, PuClg, PuBr,, PuOCl, PuH„ PiiS, PuSij, etc., also yields 
PuOj. These reactions serve more for supplementary analytical pur- 
poses than for the preparation of the dioxide per se. 

1.1 Preparation of PuOj by Ignition of Plutonium(IV) Nitrate. The 
first preparation of a pure compound of plutonium (in fact, the first 
isolation of a weighable quantity of any synthesized isotope or element 
free of carrier material and other foreign matter) was that of "plu- 
tonous oxide" by Cunningham and Werner^ on Aug. 18, 1942. This 
compound was prepared by ignition of "plutonous nitrate," and it was 
described as a yellow-brown solid, virtually insoluble in 6N HNO3 
either at room temperature or at boiling temperature, but somewhat 
soluble in concentrated sulfuric acid. It was assumed to be PuOg, and 
the specific activity of plutonium was determined on this basis. This 
formula was supported by the demonstration that "plutonous oxalate" 
contained two oxalates per plutonium atom’~^ or that a plutonium(IV) 
state existed. The formula PuOj was conclusively proved by the x- 
ray work of Zachariasen.®’® 

PUO 2 is frequently prepared in this laboratory by the ignition of 
Pu(N 03 ) 4 'xH 20 in air. The aqueous plutonium stock is concentrated 
to 20 to 50 mg per milliliter by means of a hydroxide precipitation 
and subsequent solution in concentrated nitric acid. This solution is 
transferred to suitable platinum boats coated with a lucite film*** to 
prevent adherence of the oxide to the platinum. The solution is then 
dried for several hours at room temperature in the boat in a vacuum 
desiccator with a small air leak. Meyer and Katz^" state that con- 
centrations of the nitrate greater than 50 mg per cubic centimeter 
are most likely to give a crystalline nitrate except in nitric acid con- 
centrations approaching 70 per cent. The ignition is performed in air 
by slowly raising the temperature of the muffle furnace over the 
range 90 to 200'’C, at which temperature dehydration occurs; then 
slowly to 300 to 400°C, where the lucite is charred; and finally to 
800 to 850‘’C, where it is maintained for 30 min. The lucite coating 
burns away completely and frees the plutonium oxide from the boat 
so that it can later be removed quantitatively. At temperatures above 
300°C the decomposition is nearly complete. Constant weight is not 
achieved, however, below ignition temperatures of 800 to 1000°C. 

A finely divided form of oxide such as that obtained by the Ignition 
of nitrate at relatively low temperatures (275°C), or of PuOa-zHP as 
described below, is suitable for the conversion of an oxide to a halide. 
The oxide ignited at 700 to 1300°C is very refractory, and it is dis- 
solved with extreme difficulty in any aqueous reagents. 

1.2 Preparation of PUO 2 by Air -drying of Pu(OH) 4 . Plutonium 
hydroxide, PuOj'zH^, precipitated from aqueous solution with am- 
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monium hydroxide and subsequently air -dried at 70 °C, contains some 
PuOj crystallites of about 30 A in linear dimensions on the basis of 
x-ray diffraction data. This finely divided material is a useful start- 
ing material for the preparation of the halides of plutonium. In such 
experiments on a milligram scale the precipitation of the hydroxide 
may be conveniently performed in a centrifuge cone,'^ The gelatinous 
hydroxide in the tip of the cone contracts to a black pellet which may 
be readily transferred from the cone and, if desired, may then be 
ignited to higher temperatures in platinum. This method provides a 
small pellet that is handled conveniently in subsequent experiments. 

1.3 Preparation of P uP^ by Ignition of Plutonium (m) and (IV) 
Oxalate . The hydrous oxalates of plutonium are convmiwit intCT^ 
mediates in the preparation of oxides on both the macro and the milli- 
gram scale in that the method produces divided reactive material for 
subsequent conversion to halides, etc. The P\X 2 (C 20 ^)^’XH 20 is useful 
because it is a compact precipitate readily washed and slurried, and 
it is nonadherent to the glass vessel; the Pu(C204)2-a;H20 is more ge- 
latinous and adherent and therefore more difficult to wash and trans- 
fer with high yield. 

Both forms are conveniently air -dried and ignited to about 650 °C 
without tending to adhere to the platinum boat, Plutonium (HI) oxalate 
is also useful for ignition on a large scale because the evaporation of 
water from the insoluble oxalate is very rapid, and splattering is 
negligible in the early stages of the ignition. 

1.4 Properties and Reactions of PuP^ . The highly ignited oxide 
is very refractory and will not dissolve readily in any of the common 
acids or alkalis but requires fusion with sodium carbonate or sodium 
pyrosulfate, or prolonged treatment with hydrobromic acid or con- 
centrated sulfuric acid to get it into solution. 

In summarizing the merits of the PUO2 prepared by the ignition of 
various intermediates it may be said that the nature and reactivity of 
the oxide and of halides prepared therefrom are to a certain extent 
dependent on the starting material. For example, ignition of crystal- 
line Pu(N 03)3 or of Pu 02(N03)2 yields a porous, fluffy, reactive PuO^; 
Pu(OH) 4 tends to give a glassy, dense, nonreactive PuOg; noncrystal- 
line Pu(N 03)3 gives a somewhat horny medium-dense product; and 
both oxalates produce porous, fine-grained, reactive products. The 
rate of decomposition and the final temperature also determine the 
ultimate state of the product. 

2. PLUTONIUM SESQUIOXIDE 

The phase Pu.j03-Pu407 has been characterized only by its x-ray 
pattern, which is a body-centered cubic lattice with 16 molecules'^ 
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per unit cell, a = 10.01 A. It is therefore isomorphous with the rare- 
earth oxides from samarium through lutecium, SC 2 O 3 , Mn^Oj, YgOa, 
TiPa, etc. The observed structure is believed to be the abnormal 
form of a dimorphous crystal, the normal form of which is hexagonal 
and which is isomorphous with the oxides of the La-Ce-Pr-Nd group. 
The probable formula, based only on crystal chemical considerations, 
corresponds to an 0/Pu ratio between 1.5 and 1.75. 

2.1 Attempts to Prepare PU 2 O 3 by Controlled Decomposition‘s of 
Pu 2 (C^ 4 ) 3 . Three attempts have been made to prepare this phase. 
In one, anhydrous Pu(in) oxalate was heated to 300°C in a vacuum of 
10“^ mm Hg. The accuracy of weighing and of oxygen analyses did not 
permit final decision as to whether the black powdery material ob- 
tained was PU 2 O 3 or PuO^. A second repetition of the experiment, in 
which a carbon dioxide atmosphere was used, gave no evidence of the 
presence of PUy(C 03)3 or PU.P 3 . PuOa (identified by x-ray and gravi- 
metric analyses) was formed above 300“C. 

A similar result was obtained in a third experiment, in which an 
(oxygen -free) hydrogen atmosphere was used. 

2.2 Reduction of Pu Q.^ with Atomic Hydrogen . One of the phases 
produced by the treating of PuO^ with atomic hydrogen has been sug- 
gested to be PU 2 O 3 by Zachariasen, who based his opinion on x-ray 
diffraction measurements.'^ 

2.3 The Decomposition of PuOz on Tantalum in Vacuum. In 
separate experiments, two 10 -mg cylindrical pellets of PuOz (one 
yellow in color, prepared by air ignition of the nitrate; the other black 
in color, prepared by ignition of the hydrated oxide) were heated in 
high vacuum (about lO*’' mm Hg), on an electrically heated tantalum 
ribbon. Both samples acted similarly at high temperatures; the 
yellow oxide turned grayish at 1000®C. At a temperature estimated 
to be 1650 to 1800°C, the cylindrical pellet collapsed, and a molten 
metallic -appearing material extruded forth into the depression in the 
tantalum filament. The uncertainty in the initiating temperature for 
the reaction is a result of the fact that the oxide pellet was in poor 
thermal contact with the filament until it fused. The temperature 
range indicated is given by the apparent temperature of the pellet, 
taken with an optical pyrometer, and the true (i.e. corrected for 
emissivity) temperature of the hemispherical depression in the fila- 
ment. The extruded material was identified as "PUjOg-Pu^O," by 
Zachariasen who used x-ray diffraction analysis. Although the tan- 
talum filament had become somewhat embritUed, there was no evi- 
dence of localized reaction with it. 

2.4 Reduction of PuGgOn Iridium in Vacuum . In an attempt to de- 
termine whether PuO^ is reduced to a lower oxide in a thermal de- 
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composition In which oxygen Is evolved at a low pressure, or whether 
PuO^ is reduced by the filament (e.g., tantalum, with the formation 
of tantalum oxides volatile at these temperatures), an experiment 
was performed*^ in which a cylindrical pellet of about 5 mg of yellow 
PuOj was placed in a triangular groove in an iridium plate (2 by 3 
by 0.3 mm). Iridium oxides are sufficiently unstable that in the tem- 
perature ranges of the experiments, a vacuum is a better reducing 
agent for an oxide than is iridium. The iridium was supported by, 
and was in thermal contact with, a molybdenum ribbon heated by the 
passage of electrical current. The iridium and the molybdenum ele- 
ments were well degassed before the oxide was placed on them. As 
the temperature was gradually raised to 1000°C in a vacuum of 2 x 
10~^ mm Hg, the usual darkening in color of the oxide was observed. 
The original light yellow color was not restored to the pellet within 
15 min of its being cooled to room temperature. No further changes 
in the oxide were observed on reheating until the temperature of the 
iridium plate had reached about 2100°C. Because of limited thermal 
contact between the iridium and the oxide the pellet was at a much 
lower temperature. The apparent temperature (uncorrected for the 
emissivity of the oxide) was observed to be 1520‘'C on the optical 
pyrometer. At this temperature the surface of the pellet assumed a 
silvery semimetalllc luster similar to that of the previously described 
"Pu^j-Fhi^O^.” This temperature (almost identically that of the 
PuO, during the ejq)eriment on tantalum just referred to) was main- 
tained for about 10 min, as had been done with the tantalum -mounted 
sample. Although in each experiment the true value of the tempera- 
ture of the pellet is not known because of the unknown emissivity of 
the semimetalllc surface of the lower oxide, the ultimate tempera- 
tures of the pellets used in the two e}q)eriments were very nearly the 
same. There was no indication of reaction with the supporting edges 
of the Iridium. Dr, Zachariasen’s analysis of the product revealed 
the presence of approximately 20 per cent “PUgOj-PUtO," and 80 per 
cent PuO,, thus confirming the unchanged appearance of the interior 
of the pellet. 

One significant difference between the behavior of the oxide pellets 
on tantalum and on iridium is that in the tantalum experiment the pel- 
let appeared to collapse by melting and to spread somewhat on the 
filament, whereas in the iridium experiment no such melting was ob- 
served. The observed formation of ‘‘PUgOs-Pu^Ok;'’ on iridium seems 
to favor the thermal decomposition hypothesis inasmuch as a reduc- 
tion by as noble a metal as iridium seems thermodynamically im- 
probable at this temperature. With the thermal-decomposition hypoth- 
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esis, however, an outstanding difficulty is that a thermodynamic 
analysis of the free-energy changes for the reactions 

Pu 02 = Pu 0 , 5 + V4O2 
PuOj + V2H2 = PuOi .5 + 

by N. R. Davidson Indicates that if the first reaction takes place at 
10OO'’C with a low pressure of oxygen (10"5 mm Hg), then the second 
reaction should proceed readily at 1000 to 1500°C; such does not ap- 
pear to be the case. 

2.5 Attempts^^ at Hydrogen Reduction of PuOa . A 5-mg pellet of 
yellow PUO 2 was placed in the depression of a well-degassed elec- 
trically heated platinum ribbon. Anhydrous hydrogen was swept over 
the pellet at the rate of several hundred milliliters per minute for 1 
hr while the pellet was maintained at 1200‘’C. A change in color to 
olive -green was observed, and a hole was formed in the platinum be- 
neath the pellet. The hole increased in size with time. The pellet 
clung to one edge of the expanding hole and was displaced from its 
original position by nearly 2 mm. X-ray analysis by W. H. Zacha- 
riasen revealed the presence of only the PUO 2 phase in the pellet. 

Since a mixture of PuOCland PUO 2 results from heating PuClg'SHgO 
in vacuum, it is apparent that PujOj readily reduces H 2 O with the for- 
mation of and PuOj. 

3. PLUTONIUM MONOXIDE 

3.1 The Preparation of Plutoni um Monoxide . This substance has 
been identified on crystal -chemical considerations and on its forma- 
tion from PuOCl and PUO 2 . Plutonium monoxide was first obtained in 
reductions of PuF, or PuF^with lithium or barium vapor on the micro 
scale in vacuum in systems that had not been thoroughly degassed. 

The principal product of the reduction of a 5-mg sample of fairly 
pure PuOCl with barium vapor at 1250°C was PuO.** Subsequent re- 
ductions of purer PuOCl indicate that pure PuO is obtained on reduc- 
tion with barium.^ A single micro scale reduction of PuOj with bar- 
ium metal was reported to have yielded PuO as a product.^* 

3.2 Properties of PuO . In massive form PuO appears as a semi- 
metallic substance with an almost metallic luster. It is more brittle 
and less malleable than the metal. The lattice constant of the cubic 
structure is a = 4.95 A. It seems probable that the binding in PuO has 
some metallic character. 
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The material is readily soluble in hydrochloric acid of higher con- 
centration than IM. 

4. ATTEMPTS TO PREPARE A HIGHER OXIDE OF PLUTONIUM 

Unsuccessful searches for a volatile plutonium oxide analogous to 
the very volatile tetraoxides of osmium and ruthenium have been 
made. Early tracer -scale attempts to volatilize plutonium oxides 
from aqueous bromate, nitric acid, and perchloric acid solutions 
under conditions where ruthenium and osmium are volatilized were 
not successful" Ozone solutions without a catalyst, with ozone- 
ceric ion,^^ and with ozone -argentic ion^^ all failed to produce a vola- 
tile plutonium compound. 

Plutonium did not readily volatilize from fused sodium peroxide 
at 500°C," or from molten sodium peroxide in an oxygen atmosphere 
{to prevent its decomposition) " 

Another tracer attempt (made by Voigt*’' at the Ames Laboratory) 
to oxidize plutonium to its highest valence with molten potassium 
chlorate at 500 to 700”C and to collect any volatile plutonium tracer 
on a water-cooled cover gave negative results. 

Experiments, made by Baldwin and Edwards at the Ames Labora- 
tory,*® in which dried ozone was passed over PUO2 at 600 and 1000°C 
gave no indication of the formation of volatile oxides of plutonium. 

Hydrated plutonium peroxide precipitated from solution has been 
shown by Howland*® to be Pu04-3CH20, containing tetrapositive plu- 
tonium and two peroxide groups per molecule. 

PUO3 was expected to be formed by controlled ignition of PUO2' 
(N03)2 'zH 20 but was not detected.*® The nitrate decomposes to the 
dioxide at 275"'C. 


5. SUMMARY 

A description of methods and a discussion of techniques applicable 
to the synthesis and handling of plutonium dioxide on the micro scale 
is presented. Reductions of PUO2 to Pu;^)3-Pu407 by means of atomic 
hydrogen, active metals, and graphite and by thermal decomposition 
in vacuum, and attempted reduction with hydrogen are described. 
Plutonium monoxide can be conveniently prepared by the thermal re- 
duction of PuOCl with barium. Attempts to prepare an anhydrous 
oxide richer in oxygen than PUO2 have been unsuccessful. 
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Paper 6.60 


PREPARATION OF PLUTONIUM NITRIDET 
By B, M. Abraham, N. R. Davidson, and E, F. Westrum, Jr. 


A crystalline phase believed to be PuN was first identified by x-ray 
analysis in a sample obtained in an attempted atomic -hydrogen reduc- 
tion®’’’® of PuF,. This identification was based on crystal-chemical 
considerations and was imcertam because of the presumably unfavor- 
able conditions for the formation of a nitride. It was therefore of in- 
terest to attempt to prepare this compound by more reliable methods 
and establish its identity with certainty. 

Early investigators of uranium chemistry found^ that a uranium 
nitride believed to be UjN^ could be prepared by the reaction of am- 
monia with uranium metal or UCl^. Although these results are now 
known to be incorrect, these two methods have been applied to the 
problem of the preparation of PuN. 

The preparation of PuN from plutonium metal and ammonia was 
carried out with a piece of metal weighing about 5 mg mounted in a 
depression in a platinum filament that could be heated electrically. 
The metal was heated to 1000“C, as measured with an optical pyrom- 
eter, for 5 min in the presence of anhydrous ammonia gas at 250 mm 
Hg. The ammonia had been dried by distillation from sodium metal. 
Progress of the reaction was observed through a microscope. A 
brown coating formed over the metal, not all of which reacted; some 
of the metal melted and wet the platinum filament. The brown mate- 
rial was characterized by x-ray analysis as a mixture of PuOg and the 
phase previously and tentatively identified as PuN. This result there- 
fore made that identification certain.'® 


tContrlbutlon Irom the Chemistry Division of the MetallurBical Laboratory, tnl- 
verslty of Chicago, now the Argonne National Laboratory. 

Based on work partially reported in Metallurgical Project Report CN-2159 (Oct. 1, 
1944). 
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In an attempt to prepare a higher nitride of plutonium at a lower 
temperature, plutonium metal powdered with hydrogen was used * As 
in the previous experiment, the metal was supported on a platinum 
filament. The apparatus was modified, however, so that the product 
could be introduced into the x-ray capillary without removing It from 
the vacuum line. Figure 1 is a diagram of the apparatus; the circle in 



Fig. 1 — Diagram of apparatus used In the conversion of plutonium hydride to nitride. 


the middle of the bulb represents the x-ray capillary, which is per- 
pendicular to the plane of the paper. By rotating the furnaces through 
90 deg around the horizontal joint the reaction products can be trans- 
ferred from the filament to the capillary, which can then be sealed off 
the line. When hydrogen gas was admitted to the plutonium metal on 
the platinum filament at room temperature, there was a reaction to 
form plutonium hydride. The excess hydrogen was then pumped off. 
The powdered hydride was heated at GSO’C for about 5 min in anhy- 
drous ammonia at 250 mm Hg, then slowly cooled in the presence of 
ammonia. The product^" consisted of a single phase, namely, PuN. 

This result for plutonium is in striking contrast to the results of 
similar experiments^’^’* with uranium, which readily forms a series 
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of higher nitrides ranging in composition from UNi.,, to UNj The 
compound UN is obtained by heating the higher nitrides to 1300°C in 
vacuum whereas PuN was obtained at 650°C and lower in the presence 
of nitrogen at 60 mm Hg. The results of these experiments suggest 
that If a higher nitride of plutonium exists its decomposition pressure 
must be greater than 60 mm Hg at 650°C. Additional evidence as in- 
dicated below is furnished by the preparation of PuN from PuCl, and 
ammonia. 

PuN was prepared' by treating PuClj with a stream of ammonia at 
900°C. About 5 mg of PuCl, in a platinum microcrucible Inside a 
quartz tube were heated in a slow stream of ammonia gas at atmos- 
pheric pressure. The flow rate was adjusted by immersion of the am- 
monia reservoir in a bath of frozen bromobenzene (m.p. -30.6°C). 
The ammonia had been dried by distillation from sodium metal. The 
temperature of the sample was slowly raised from 800 to 900*’C over 
a period of 1 hr and maintained at 900°C for 15 min. The product of 
the reaction was a black solid that was insoluble in water but partially 
soluble in dilute hydrochloric acid. X-ray diffraction analysis' in- 
dicated that it contained approximately 35 per cent PuN, 50 per cent 
PuO^, and 15 per cent PuOCl. It is possible that the water that formed 
the oxide and oxychloride came from the apparatus or from the PuCl,. 

Since the heats of formation of CeCl, and PuClg have been measured 
as -261.5 and 234.1 kcal, respectively,"'^' it is of interest to consider 
the thermodynamic characteristics of the cerium reaction, Eq. 2, 
and analogous to the plutonium reaction, Eq. 1: 

PuClj + VzNj + y2lk • P“N + 3HC1 (1) 

CeCls + ^Nj + - CeN + 3HC1 (2) 

The latter reaction is not recorded in the literature, but the heat of 
formation and entropy of formation of CeN are kno'wn." The heats of 
formation and entropies of the gases are listed in references 11 and 
13. It may be expected that the reaction to form PuN will be roughly 
similar in that the small amo\mt of hydrogen chloride will have to be 
continuously removed, and the reaction will have a marked tempera- 
ture coefficient. 

Since reaction 1 does take place to some extent and since our cal- 
culations indicate that reaction 2 would take place only slowly as the 
resultant hydrogen chloride is swept out at a low partial pressure, it 
may be concluded that the heat of formation of PuN is not greater than 
about 30 kcal more positive and may very well be about equal to the 
-78 kcal per mole, which is the heat of formation of CeN. 
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Paper 6.60 


THE COMPOSITION OF PLUTONIUM PEROXIDEt 
By H. H. Hopkins, Jr. 


A determination of the composition of plutonium peroxide precipi- 
tated from nitric acid solution was regarded with interest from the 
standpoint of increasing the basic knowledge of plutonium chemistry. 
The method employed was to determine the peroxide oxygen content 
of exhaustively washed plutonium peroxide precipitates by an oxida- 
tion-reduction titration. From the data so obtained, and assuming ex- 
istence of plutonium in the tetrapositive state, a formula could be 
calculated. 

Experimental Procedure . Using the method of Howland,* samples 
containing 1 to 4 mg of plutonium were precipitated from l.ON HNOj 
at room temperature with 10 per cent excess by weight of hydrogen 
peroxide. To remove as much of the hydrogen peroxide held in the 
precipitate as possible, the precipitate was washed twice with O.IN 
H2SO4, once with water, twice with acetone, twice with alcohol, and 
once with O.IN HjSO^, a volume of 150 microliters being employed for 
each wash. During the washings the slurry was chilled with ice water 
to prevent peroxide decomposition. Standard 0.5N Ce(N03)4 in 0.5N 
HNO3 was then added to dissolve the peroxide by oxidation of both 
plutonium and peroxide oxygen atoms. When the reaction was com- 
plete, the solution was made 5M in NaN03 and 3M in NaC2H302, 
whereupon the plutonium(VI) precipitated as NaPu02(C2H302)3. This 
precipitate was centrifuged off and washed once with 3M 'NaC2H302. 
The combined supernatant liquid and wash liquid, containing unreacted 
cerium (IV), was diluted to 2 ml, made 0.5M in H2SO4, and treated 
with excess ferrous ammonium sulfate. Erioglaucine indicator was 


tContrtbutlon from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on Metallurgical Project Report CN-1946 (Aug. 1, 1944). p. 21. 
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added at once, and the solution back-titrated with standard cerlum(IV) 
solution. 

Results . If the amount of plutonium precipitated as the peroxide 
and the net amount of oxidizing agent is known, the amount of oxidiz- 
ing agent necessary to raise plutonium from the IV to the VI state can 


Table 1 — Calculation ol the Empirical Formula of Piutonlum(IV) Peroxide 




Ce(IV) 

Peroxide oxygen 

Anion radicals 


Pu pptd. as 

used to oxidize 

per mole of Pu, 

per mole of Pu, 

Expt. 

peroxide. 

peroxide oxygens. 

equivalents 

equivalents 

No. 

micromoles 

microequivalents 

(X) 

(4-x) 

1 

5.6 

18.9 

3.37 

0.63 

2 

5.5 

18.4 

3.34 

0.66 

3t 

11.3 

34.7 

3.07 

0.94 

4t 

11.4 

34.5 

3.03 

0.98 

5} 

16.4 

49.8 

3.04 

0.96 

6i 

16.0 

49.2 

3,08 

0.92 




3.15 (av.) 

0.85 (av) 


Average empirical formula (PuR^.^Ojt): PuRq ,1^0, 


t Precipitates washed with three portions of acetone and three of alcohol instead of 
twice with each. 

t Precipitates washed with five portions of acetone and five of alcohol instead of 
twice with each. 


be subtracted, and the remainder is the amount of oxidizing agent used 
in oxidizing the peroxide oxygens. It is assumed that 2 equivalents of 
ceric ion are reduced for each peroxide oxygen pair present in the 
compound, in a manner analogous to that established for the oxidation 
of hydrogen peroxide, as shown by the equation 

HjOa + 2Ce(IV) - 2Ce(III) + O* + 2H'^ 

The above considerations show how the number of peroxide oxygen 
atoms per atom of plutonium can be determined, but they do not take 
into account the normal anions, e.g., NOJ or OH~, attached to the plu- 
tonium atom in plutonium peroxide. However, since at the time the 
present work was done it was generally accepted, and later was def- 
initely proved by Werner, ‘ that all the plutonium in the peroxide must 
be in the tetraposltive state, the empirical formula may be written in 
the form Pu‘^(R") 4 .*( 0 ")x, where x represents the number of peroxide 
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oxygen atoms and (4*-x) represents the number of normal anion rad- 
icals per atom of plutonium. Obviously, x will be equal to the number 
of equivalents of cerium(IV) used in oxidizing the peroxide associated 
with 1 mole of plutonium. The empirical formula obtained on this 
basis is given in Table 1. 

The average value obtained for this formula wasPuRo.egOs.is. From 
this value, bearing in mind the experimental error, it is possible to 
assume a molecular formula of PUjRjOgWith each molecule containing 
two nitrate or hydroxyl radicals (or one bivalent oxygen atom) and 
three peroxide oxygen pairs. However, there is no decisive reason 
for assuming that plutonium peroxide is precipitated as a compound 
of definite composition, and only the empirical formula can be pro- 
posed on the basis of the present data. 

Summary. Using an oxidation-reduction titration method the num- 
ber of peroxide oxygen atoms precipitated with one atom of plutonium 
was determined. Assuming the plutonium to be entirely in the tetra- 
positive state, an average empirical formula of PuOj „ can be calcu- 
lated from the data. 
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Paper 6.150 


DETERMINATION OF THE MELTING POINTS OF PLUTONIUM(in) 
CHLORIDE AND PLUTONIUM(ni) BROMIDE t 

By H. P. Robinson 


1. INTRODUCTION 

The melting points of plutonium trichloride and plutonium tribro- 
mide have been reported from Los Alamos^’^ as being about 760°C 
and 685115°C, respectively. The melting points of these compounds 
as indicated from vapor -pressure measurements carried out in the 
Chicago laboratory® indicated that the values were 736±10''C and 
654i9°C for the chloride and bromide, respectively. However, cer- 
tain features of the pressure measurements indicated that the sam- 
ples were impure, and therefore a redetermination of the melting 
points by an independent method seemed in order. 

2. EXPERIMENTAL WORK 

The melting points were determined indirectly by observing the 
temperature of a bath in which a sample was melted. The technique 
was similar to that commonly used in determining the meiting points 
of organic compounds. A diagram of the apparatus is shown in Fig. 1. 
A molten salt bath consisting of a 15 -mm quartz test tube about 25 cm 
long, half filled with fused lithium chloride -potassium chloride eutec- 
tic mixture (55 per cent KCl), was heated by means of a chromel 
ribbon wrapped spirally around the lower portion of the quartz tube. 
The current through the heater was controlled by means of a variac, 
which fed a low-voltage transformer connected to the chromel ribbon. 
The bath temperature could be measured by means of a chromel - 


tCantrlbutlon from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on work reported in Metallurgical Project Report CN-243] (Dec. 1, 1944). 
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alunel thermocouple encased In a 2 -mm quartz tube extending into 
the fused salt. A simple potentiometer was used lor the potential 
measurements, and the readings could be interpolated to an accuracy 
of about 2°C. The samples were contained in sealed quartz capillaries 






CHROMEL- ALUMEL 
' THERMOCOUPLE 


6MM QUARTZ 
TUBING 


4 


6 CM 




CAPILLARY SUPPORT 




SAMPLE CAPILLARY 


Fig. 1 — Apparatus for melting-point determination. 


that were hung in an inverted position on the hooked tip of tlie quartz 
enclosure for the thermocouple. The sample tube, being less dense 
than the bath, could be hung in an inverted position as illustrated. The 
melting behavior of the material in the quartz sample tube was 
observed through a microscope. 
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The melting point behavior of a sample of PuBr, prepared by the 
treatment of PuOj'XHgO with a sulfur- and bromine-vapor mixture* 
was first observed. This particular sample had been handled several 
times in a dry box before being used in this determination and could 
have contained some moisture. On being heated the PuBr, was first 
observed to shrink tovrard the center of the capillary at 645°C, and 
some slight melting was first observed at 6S0°C; the fluid formed 
was green in color. As the temperature was raised the melting pro- 
gressed, until at 690°C one-half of the sample had melted, the color 
of the melt now having changed to amber. Progressive increases in 
temperature continued to cause more of the sample to melt, but even 
at BSO’C not all the sample melted. 

To purify the sample of PuBr, about 1 mg was vacuum -distilled 
into a quartz capillary sample tube that had been connected by a 
ground-glass joint to a special vacuum distillation apparatus con- 
taining about 3 mg of the impure PuBrj. The distillation was con- 
tinued about 15 min and yielded a solid mass of the compound with a 
thin cylindrical layer extending beyond into the cool end of the tube. 
This quartz sample capillary was sealed off, the hooked tip was made 
on the end, and it was then transferred to the salt bath. This thin 
layer had a sharp melting point at 681 ±3 °C. Slight variations in the 
bath temperature caused by convection currents would alternately 
melt and freeze the pure layer of PuBr, . The melting of this larger 
mass of the compound was observed to take place over a range from 

680 to GBS^C, but later the material appeared to melt and freeze at 

681 ± 3 "C. To test the reactivity toward quartz the sample was heated 
to SSO’C for 5 min, after which the melting point was rechecked and 
found to be 681 "C, indicating that for these experiments quartz is a 
suitable container for the bromide. At 850”C the liquid was amber in 
color. At the melting point the color was a deep green. 

The melting behavior of a sample of PuCl, from the same prepa- 
ration used in the vapor -pressure measurements was investigated as 
described for the bromide. The sample had been prepared by Karle* 
as sublimed chloride by the treatment of PuO^-zI^O with carbon 
tetrachloride vapor. It had been transferred in a dry box several 
times before being used for this experiment. With this material it 
was observed that melting started at 740'*C and was substantially 
complete at 790”C. The green fluid was then cooled slowly, and crys- 
tallization did not set in until 620*C, when the entire sample suddenly 
congealed. From 36 mg of the crude material there was obtained 
about 18 mg of material purified by sublimation at 860”Cin the quartz 
capillary attached to a vacuum apparatus. The purified PuCl, melted 
completely in the range 760 to 765 "C, and when it was cooled crys- 
tallization began at 760*C. 
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An interesting comparison of the melting points of the trichlorides 
and bromides of uranium and plutonium with corresponding rare- 
earth elements is given In Table 1. The crystal lattice constants of 
these compounds are also included. They further confirm the resem- 
blance of uranium(ni) and plutonium (HI) to the trlpositlve rare-earth 
halides. 


Table 1 Comparison of Melting Points and Crystallographic Constants of 
Rare-earth and Heavy-metal Halides 


Halide 

M.p., ’C 

Reference 

Lattice dimensions, A 

ai 

^2 

as 



Hexagonal form 


LaCls 

850 

6 

7.46810.003 


4.36610.003 

CeCl, 

790-810 

9 

7.43610.004 


4.304^0.004 

PrCl^ 

769-782 

9 

7.4110.01 


4.25^0.003 

NdCl, 

760 

9 

7.38110.004 


4.23110.003 

UCl, 

842 

8 

7.428 1 0.003 


4.312 1 0.003 

PUCI3 

76015 

9 

7.380 lO.OOlt 


4.236. ^0.001 

Lafir, 

783 

9 

7.95110.003 


4.50210.003 

CeBrj 

732 

9 

7.63610.003 


4.43510.003 

PrBrj 

693 

9 

7.92l0.0lt 


4.3810,01 

UBr, 

755 

7 

7.92610.002 


4.43210.002 



Orthorhombic form 


NdBra 

1 681 

9 




PuBrj 

681 

9 

12.57 ± 0.05 

4.11±0.03 

91310.04 


t Reference 6. 


3. SUMMARY 

The melting points of PuClg and PuBra have been determined on 
samples purified by sublimation and have been found to be 760 ±5^*0 
and 681 ± 5*’C, respectively. 
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Paper 6.170 


STUDIES OF THE PREPARATION AND PROPERTIES OF 
PLUTONIUM IODIDE AND PLUTONIUM OXYIODIDEt 

By F. Hagemann, B. M. Abraham, N. R. Davidson, 

J. J. Katz, and I. Sheft 


In order to prepare and characterize the plutonium iodides and 
oxyiodides, studies of the following proposed methods of synthesis of 
these compounds were carried out: 

1. Reaction of plutonium metal with iodine or anhydrous hydrogen 
iodide . 

2. Reactions of plutonium dioxide with anhydrous hydrogen iodide 
and with aluminum iodide, liquid or vapor. 

3. Evaporation of a plutonium (HI) iodide solution in a stream of 
hydrogen iodide. 

4. Reaction of a plutonium dioxide - carbon mixture with hydrogen 
iodide. 

Because of previous knowledge of the chemistry of the plutonium 
chlorides and bromides,^’’’ it was anticipated at the outset that the 
stable iodide and oxyiodide of plutonium would be Pul, and PuOI, and 
that Pul, would not be appreciably volatile below TSO’C. 

Reactions of Plutonium M e tal with Iodide and Anhydrous Hydrogen 
Iodide . In the study of the reaction of plutonium metal with iodine, 
the iodine used was sublimed from a sample specially purified for us 
by Prof. V. W. Meloche. (The preparation of this sample is described 
by Arnold.’) It contained less than 7.5 ppm of chlorine or bromine. 

The first reaction studied was the vapor phase iodination of a sam- 
ple of metal contained in a quartz x-ray capillary.* The apparatus 


fContribulion from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on work reported in Metallurgical Project Reports CK-1701 (June 1, 1944), 
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was similar to that used for the chlorination and bromlnatlon of 
metal. With approximately 75 of metal in the x-ray capillary, 
the apparatus was evacuated and some iodine was sublimed from a 
side arm into the 14 -mm tubing to which the x-ray capillary was 
attached. This part of the apparatus was sealed off from the side arm 
and from the vacuum line. The capillary was heated to 400°C while 
the rest of the apparatus was maintained at 100°C, corresponding to a 
pressure of approximately 45 mm Hg lor the iodine. After heating 
for 3 hr, the iodine was removed by cooling one side of the system in 
liquid nitrogen, and the capillary was sealed off. Zachariasen*’* iden- 
tified the bright -green reaction product by x-ray analysis as the new 
compound, PuOI. 

The sample was dissolved in dilute sulfuric acid and the iodlne/plu- 
tonium ratio was determined by Dr. M. J. Wolf. The plutonium was 
determined by radiometric analysis, and the iodide was determined 
by conversion to iodine with iodate or dichromate as oxidizing agent, 
distillation of the iodine into 20 per cent KI solution, and titration of 
the iodine with standard thiosulfate.'’ 

It was hoped that by working with a larger sample of plutonium the 
effect of traces of oxygen would be less, and it would be possible to 
prepare Pul,. In order to encourage more complete conversion the 
reaction was carried out in the liquid phase. About 500 ng of metal 
was heated with excess iodine in a pyrex capillary bomb for 5 hr at a. 
temperature of 200 to 300°C. (The boiling point of iodine is 189°C.) 
The bomb was opened and rapidly waxed to a vacuum apparatus, and 
the iodine sublimed away at 175°C in vacuum. The light -brown crys- 
talline reaction product was only slightly soluble in water and dis- 
solved slowly and incompletely in dilute sulfuric acid. The ratio of 
iodine to plutonium in the material soluble in IN HjSO, was found to 
be 0.76. X-ray analysis by Zachariasen* indicated the material to be 
chiefly PuOI and a small amount of some other phase, possibly PuO,. 

Several attempts were made to prepare Pul, by the reaction of plu- 
tonium metal in a platinum container with iodine. One hundred micro- 
grams of metal in a welt -degassed J. Lawrence Smith 1-ml platinum 
microcrucible contained in a quartz tube was treated with iodine 
vapor at 700'’C. The dark -brown product was characterized by x-ray 
analysis as containing about 80 per cent PuOI and possibly some 
PuO,. About 300 fig al plutonium metal was treated with liquid iodine 
in a sealed platinum capillary at 400°C. The experiment was per- 
formed with a platinum capillary approximately 20 cm long, 1 mm 
I.D., and 2 mm O.O., welded closed at one end and sealed to soft glass 
at the other end. After iodine had been distilled in, the platinum tube 
was crimped with a small vise and fused (rff the line. The light-green 
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reaction product turned brown when handled In a dry box. X-ray 
analysis' showed it to be at least 80 per cent PuOI. 

All the dilute sulfuric acid solutions of PuOI were yellowish -green 
or green. Spectrophotometric examination* indicated that all the 
plutonium was present as plutonium(III). 

In the only experiments on this scale in which PUI 3 was obtained, 
hydrogen iodide was used instead of iodine as the iodinating agent.' 
Anhydrous hydrogen iodide was obtained as described later in this 
report and purified further by vacuum distillation. A 75 -pg sample of 
plutonium metal was treated with hydrogen iodide vapor (pressure, 
approximately 150 mm Hg) at 450*’C in a quartz capillary. The bright - 
green product was identified by Zachariasen^' by x-ray analysis as 
the new compound, Pulj, isomorphous with orthorhomic PuBr,. A 
second sample was similarly prepared from 500 pg of metal. The 
bright -green product was dissolved in dilute sulfuric acid and ana- 
lyzed by Dr. M. J. Wolf. It contained 467 pg of plutonium and 588 pg 
of iodine, corresponding to an iodine/plutonium atom ratio of 2.37. 
When the sample was treated with the dilute sulfuric acid, it was 
observed that part of it dissolved rapidly and that some dissolved 
slowly with the evolution of a gas. This makes it probable that some 
unreacted metal was present, explaining why the iodine/plutonium 
atom ratio was less than 3. 

The source of the oxygen in the various reactions of iodine with plu - 
tonium metal is not understood. Apparently there was some oxygen - 
bearing impurity in the iodine which was not removed by sublimation. 
For preparations on a larger scale, the difficulties due to oxygen - 
bearing impurities in the iodine would not be as important, and Pul, 
could be prepared by reaction of metal with either iodine or hydrogen 
iodide. In order to obtain complete reaction, powdering of the metal 
by hydride formation would be desirable. 

Methods of synthesis of Pul, from PuO, or an aqueous solution of a 
plutonium salt were investigated since these starting materials are 
more accessible than plutonium metal. The action of hydrogen iodide 
on PuO, was investig;ated using a hydrogen— hydrogen iodide mixture 
(approximately 60 to 80 per cent hydrogen iodide) obtained by the 
reaction of hydrogen with iodine at 450‘’C using platinized asbestos 
as a catalyst. Purified hydrogen was passed over molten iodine at 
150“C and then over the catalyst. The mixture was passed over a 
sample of PuO,-»H,0 (3 to 10 mg of Pu) in a platinum crucible inside 
a quartz tube at 750*0. The treatment was continued for several 
hours. The black pellet of PuO, -*11,0 had turned green and powdered. 
The powder was identified by x-ray analysis by Zachariasen" as 
PuOI. 
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A closely related possible mode of synthesis of Pul, is the evapo- 
ration of an aqueous solution of Pul, in a stream of hydrogen iodide 
at reduced pressures, and subsequent dehydration, in a stream of 
hydrogen iodide at temperatures up to 400°C, of the hydrated trllodide 
that crystallizes out of solution. Plutonium trichloride and plutonium 
tribromide have been successfully synthesized by analogous reac- 
tions.*’’ In the case of the synthesis of some rare earth trilodides by 
this method, the addition of ammonium iodide to the solution and its 
subsequent sublimation at 400 to 600°C assists in the suppression of 
oxylodide formation.^*'*® 

To a plutonium(IV) chloride solution (3.6 mg of Pu in 50 microliters 
of 6M HCl) was added 15 mg of ammonium iodide to reduce the plu- 
tonium to the +3 state and provide excess ammonium iodide. The 
solution was contained in a pyrex tube, 10 mm O.D. and 15 cm long, 
closed at one end and provided at the other end with a ground joint 
by which it could be attached to the vacuum apparatus in a vertical 
position. 

Hydrogen iodide condensed out of the hydrogen -hydrogen iodide 
mixture originating from the hydrogen iodide generator and was 
purified by fractional distillation. The condensed hydrogen iodide 
was maintained at a temperature of -78.4°C (vapor pressure approx- 
imately 60 mm Hg), and the vapor passed over the surface of the 
PUCI3-NH4I solution. The rate of flow of the hydrogen iodide was 
measured with a flowmeter using Apiezon oil as a manometric liquid, 
and the flow rate was controlled at approximately 1 cc/min by ad- 
justing a stopcock leading through a liquid air trap to a vacuum pump 
assembly. The solution was taken to dryness in the hydrogen iodide 
stream at SO^C, and the solid residue was slowly heated to 350"C to 
sublime away the ammonium iodide. The green residue was charac- 
terized by x-ray analysis as PuOI.^* 

An attempt was made to synthesize Pul, according to the reaction'® 

PuO, + 2C + 3HI - Pul, + 2CO + 

In this reaction it would be necessary to obtain the Pul, as a subli- 
mate in order to free it from the excess carbon. A plutonium(IV) 
oxalate precipitate (approximately 4 mg of Pu) was slurried with an 
equal weight of lamp black, oven-dried, pelleted, and placed in a 
platinum microcrucible. This was mounted in a system in which a 
slow stream of hydrogen iodide was passed over the crucible at 
60 mm Hg pressure. The crucible was heated by induction to approx- 
imately 1000°C lor 30 min and maintained at ISOO^C for an equal 
period of time. The temperatures were estimated with an optical 
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pyrometer and are not very accurate. A small amount of a light - 
green sublimate collected in a water-cooled glass tube just above the 
crucible, but there was no other evidence of reaction and the subli- 
mate that did form was not sufficient in quantity to be removed for 
x-ray analysis. 

Several attempts were made to prepare Pul, from PuOj by the 
reaction 


V 3 AII 3 + PuOj - Pul, +%Al 30 j + ‘/ 2 I* 

In one series of experiments, PuO^'xHjO (1 to 3 mg of Pu) in a quartz 
tube at 800®C was exposed for several hours to aluminum iodide vapor 
(approximately 10 mm Hg pressure) carried in a stream of hydrogen. 
There was no evidence of reaction. 

Several 3 -mg samples of PuOg-xHgO were sealed in quartz tubes 
with excess aluminum iodide, and the tubes heated to 450-^500®C lor 
4 to 8 hr. The bombs were opened in vacuum and the aluminum iodide 
was distilled away at 150®C. The tubes were then heated to 800°C for 
an hour. In each case a green sublimate was observed just outside the 
furnace, but x-ray analysis showed no Pulj either in the sublimate or 
in the residue.^® 

The consistent failure of our attempts to convert PuOg, or an 
aqueous plutonium solution, to PUI 3 is in marked contrast to the ease 
with which PUCI 3 or PuBr 3 may be obtained from the same starting 
materials by a variety of reactions.*’* Other workers have experi- 
enced similar difficulties in preparing tripositive and tetrapositive 
iodides. The attempt of Fischer, Gewehr, and Wingchen**^ to prepare 
thorium iodide by the action of a hydrogen iodide stream on a thorium 
dioxide -carbon mixture failed, and they resorted to the action of 
hydrogen iodide on thorium metal for this preparation. 

Jantsch and his coworkers have intensively investigated the prepa- 
ration of the rare-earth triiodides. In their experience, the triiodides 
of lanthanum, praseodymium, and samarium can be prepared by 
treatment with a stream of anhydrous hydrogen iodide of high purity 
of a mixture in the molal ratio of 1 to 6 of the hexahydrated iodides 
with ammonium iodide at temperatures up to 600°C.*®’*^ With sama- 
rium some oxyiodideis also formed.*® This method of synthesis gives 
rise to basic salts when applied to gadolinium or the subsequent rare 
earths, which are less basic than the cerium earths and form more 
readily hydrolyzed salts. In these cases it is necessary to make 
the iodides by treatment of the anhydrous chlorides with hydrogen 
iodide.*®’*" This method suffers from the defect that any oxygen- 
bearing impurity in the gas stream will cause the formation of oxy- 
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iodide; in practice it is necessary to compromise between incomplete 
removal of the chloride by the hydrogen iodide and accumulation of 
oxide due to the prolonged treatment.” 

Plutonium chloride and bromide are very similar to the corre- 
sponding neodymium salts in melting point and crystal structure. The 
difficulties encountered by us in the attempted “wet” syntheses of 
Pul, suggest that for iodides plutonium is more like gadolinium. How- 
ever, the possibility should not be excluded that by working with purer 
gases than used in the present work and altering the conditions of 
reaction somewhat, it will be found possible to prepare fairly pure 
Pul, by a wet method so that Pul, may then be considered analogous 
to neodymium or samarium. 

Summary . Bright -green plutonium triiodide was prepared on the 
50- and 500-pg scale by treatment of plutonium metal with hydrogen 
iodide gas at 400‘’C. The reaction of 50- to 500-jug quantities of plu- 
tonium metal with excess iodine in the liquid or vapor phase, in 
platinum or glass apparatus, gave rise to plutonium oxyiodide, PuOl, 
rather than the triiodide. 

The oxyiodide was obtained when plutonium dioxide was treated 
with anhydrous hydrogen iodide at 750°C, or when a plutonium (HI) 
iodide solution was evaporated to dryness in the presence of excess 
ammonium iodide in a stream of hydrogen iodide at reduced pressure. 
Attempts to make plutonium triiodide by treatment of the dioxide with 
aluminum iodide in the liquid or vapor phase or by treatment of a 
plutonium dioxide -carbon mixture with hydrogen iodide at elevated 
temperatures were not successful. 
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ALKALI PLUTONIUM(IV) NITRATESt 
By H. H. Anderson 


1. PREPARATIONS 

For convenience in comparison the preparations have been sum- 
marized in Table 1. 

Very slow mixing was used in the quinolinium preparation, with 
consequent formation of moderate -sized crystals. Slow horizontal 


Table 1 — Preparation of Complex Nitrates 


RNO, 

C^^NHNO, 

CsNOj 

RbNO, 

TINO3 

KNO3 

CsHsNHNOj 


Free 


RN 03 , 

Pu(IV), 

Ratio of 

Volume, 

HNO 3 , 

Solubility of Pu, 

mg 

mg 

R to Pu 

ml 

molarity 

g/liter 

80 

5.6 

IB 

0.175 

3.7 

0.50 

9.5 

5.6 

2.1 

0.122 

6.5 

3.4 

11.2 

B.4 

2.2 

0.220 

12 

4.6 

12.5 

4.2 

3.7 

0.100 

12 

26 

17.5 

8.4 

5 

0.150 

12 

18 (at rc) 

71 

5.6 

21 

0.140 

2.5 

3 (est.) 


rotation of the solution in a centrifuge cone tended to give relatively 
large crystals and to give equilibrium in solubility. Filtration by 
suction on a special sintered pyrex disk of 3 mm diameter separated 
the crystals from the mother liquor. A single wash of several drops 
of 95 per cent ethanol was used. 

All preparations employed suction filtration on a disk and drying in 
a vacuum at room temperature. Solubilities are at approximately 
28^C except for the potassium salt. Previous experience had shown 
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that the cesium salt could not be washed in the usual preparative 
fashion with 50 per cent ethanol and then absolute methanol; a pre- 
cipitate washed in this manner had a cesium/ plutonium ratio of 2. 6/1-. 
In other words, plutonium nitrate was washed out of the double ni- 
trate, leaving behind an excess of cesium nitrate. 


Table 2 — Analytical Data 


(C,H,NH),Pu(NO,), 

Cs,Pu(NO,), 

Rb,Pu(NO,). 

Tl,Pu(NO,), 

K,Pu(NO,), 

(C,H,NH),Pu (NO, ), ■ 1 4H,Oi 


Plutonium 


Found, % 

Calc., % 

27.2 

27.4 

26.8 

27.26 

31.8 

30.6 

24.2 

23.4 

29.7t 

34.7 

23.4 

23.4 


Alkali 

Found, % Calc., % 

31.0 30.3 

Probably B6 per cent 


tContamlnated by some free potassium nitrate. 
K,Pu(NO,), and 14 per cent KNO,. 

tFormula of hydrate based on percentage of plutonium only. 


With rubidium plutonium nitrate this decomposition was severe 
since a sample washed freely with a mixture of methanol and concen- 
trated nitric acid contained only 1.2 per cent plutonium. However, a 
fairly pure rubidium plutonium(IV) nitrate was prepared by slow mix- 
ing of solutions of the two nitrates, the mixing being accomplished by 
slow horizontal rotation for 20 min in a centrifuge cone to grow rela- 
tively large crystals. This was followed by filtration on a disk with- 
out any washing. Drying at room temperature at 0.3 mm Hg was fol- 
lowed by drying under a heat lamp for 20 min at about 125° C. There 
was slight decomposition with formation of some brown solid, but 98 
to 99 per cent consisted of light -green crystals. Thus the percentage 
of plutonium in Table 2 is slightly high. 

Thallous nitrate and plutonium nitrate gave very small crystals 
when agitated vigorously with a platinum stirring rod. Cooling in an 
ice -water bath did not help. A clear solution was finally seeded with 
about 1 mb of crude potassium plutonium(IV) nitrate crystals. Crys- 
tallization started at once. It was allowed to proceed for 3 hr with 
occasional horizontal rotation of the centrifuge cone. The crystals 
were filtered on a disk of sintered pyrex glass, washed with 1 drop of 
95 per cent ethanol, and dried first in a vacuum at room temperature 
and then for 15 min at about 130° C. 

Potassium plutonium(IV) nitrate was finally crystallized after con- 
siderable difficulty at about 1°C in an ice -water bath, followed by fil- 
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tratlon on a disk at 1°C without washing. Note that the solubility of 
this salt Is at least 50 gof plutonium per liter at 28° Cor even greater 
when dried in vacuum at 130° C. This preparation contained some free 
potassium nitrate, scavenged from the solution, as is shown by the 
analysis for plutonium in Table 2. The type KPu(NO,)g -121120 is a 
possibility. 

Pyridlnium plutonium(IV) nitrate was prepared without any washing. 
After preliminary drying in a vacuum at room temperature the pale- 
green crystals were dried in platinum under a heat lamp. At about 
110°C the crystals melted without decomposition. Recrystallization 
upon cooling is in keeping with the explanation that the compound was 
a hydrate and that the anhydrous salt was soluble in its water of hy- 
dration at 110°C. Table 2 gives the analysis for plutonium in the 
fused salt, which was in the form of light-green needles. 

2. ANALYSES 

Analyses for plutonium were carried out as described in a previous 
paper.* Cesliun was estimated as cesiiun chloroplatinate , with al- 
lowance for the small plutonium content. 

Table 2 lists the analytical results, which justify the formulas 
assigned to the series. 

It should be remembered that 1 to 2 per cent decomposition in the 
rubidium sample upon drying undoubtedly raised the percentage of 
plutonium in the sample and that a value of 31.5 to 31.6 per cent plu- 
tonium might be closer. 

Upon a numerical consideration of the values for the first four 
compounds, it maybe concluded that: (1) The formulas assigned are 
probably correct. (2) Variation in the R/Pu ratio is not important 
in these four preparations, for they do not scavenge alkali nitrate as 
did the potassium analogue. (3) The double nitrates are not decom- 
posed at 110 to 120°C, although at 130°C decomposition is great. 
(4) The agreement with the type formula is best with the quinolinium 
derivative and decreases as the size of R decreases. In other words, 
the quinolinium and cesium double nitrates are the most stable. Here 
stability and solubility are linked. 

3. DISCUSSION OF RESULTS 

In addition to the conclusions reached in the above paragraph, sev- 
eral others may be made. 

Plutonium tetranitrate is very soluble in 2M HNO 3 , but the solu- 
bility is reduced by the presence of alkali ions. Plutonium tetra- 
nitrate appears to be less soluble in concentrated nitric acid than in 
dilute acid. 
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The decomposition of certain double nitrates is consistent with 
several explanations. A dissociation may take place, such as 

RaPuCNO,), = 2 RNOj + PuCNOj), 

with removal of some plutonium in the dissociated form. Alterna- 
tively, the process could be an elution of plutonium nitrate from the 
RgPufNO,), crystals. 

A high concentration of nitric acid is needed in the preparations. 
Probably plutonium exists as an entirely different species in very 
dilute nitric acid, perhaps even Pu'*'*. 

Now it is possible to explain the solution of KPuF, in concentrated 
nitric acid: This process is a competition between HjPuCNO,), and 
KPuFg for the plutonium. As suggested previously,^ the existence of 
an HPuFj is unlikely. Therefore the solution in nitric acid could be 
expected. 


4. SUMMARY 

Plutonium(IV) and certain alkali ions react in fairly concentrated 
nitric acid to give crystalline precipitates of the general formula 
R2Pu(NO,),. 

In most cases the precipitates could not be washed, either because 
of excessive solubility or because of decomposition. Chemical analy- 
ses justified the following formulation: quinolinium plutonium(IV) 
hexanitrate, (CpH7NH)2Pu(N03)e; (di) cesium plutonlum(IV) hexanitrate, 
Cs2Pu(N03)g; rubidium plutonium(IV) hexanitrate, Rb2Pu(N03)e; thal- 
lous plutonium(IV) hexanitrate, Tl2Pu(N03)g; an Impure potassium 
plutonlum(IV) hexanitrate, K2Pu(N03)g; a hydrated pyridinium pluto- 
nium(IV) hexanitrate, (C5HsNH)2Pu(N03)g l 4 H 20 approximately. The 
pyridinium salt melts at roughly llO’C and re-forms crystals upon 
cooling. 

All the double nitrates were pale -green crystalline solids. Solu- 
bilities and details of preparations have been given. The existence of 
these double nitrates is consistent with the concept of a complex 
hexanitratoplutonlum(IV) acid, H2Pu(NO,)g, in 3 M HNO3 or stronger. 
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RANGE OF Np*” ALPHA PARTICLES IN AIRt 
By T. J. LaChapelle 


1. INTRODUCTION 

A study of the characteristic radiations of any radioactive nuclear 
species may include the determination of the range in absorbers in 
order to ascertain the exact nature of the radiation and to measure 
the energies associated with it. In the case of a-emittlng nuclei the 
range can be measured by interposing thin absorbers between the 
source and the ionization-sensitive space. Although mica, aluminum, 
and other materials can be used as absorbers, all ranges are usually 
converted to an adopted standard of dry air at 15”C and 760 mm Hg 
pressure.^ If the mean range of a given at particle is near that of 
another whose range is known accurately, a comparison of the extra- 
polated ranges of the two under identical conditions will give the 
unknown mean range.^ The ranges of Np^^'^ and Pu^’” were compared 
in this way. When the value of the range in air thus obtained is used, 
the energy ctf the a particle can be calculated from the known relation 
between these functions.’ 

The mean range of Np^’’' a particles was first reported as 3.25 ±0.1 
cm of air* on the basis of low -geometry absorption in air at various 
pressures. Later the value 3.26 was found’ by absorption with alumi- 
num absorbers” in an ionization chamber of 5 to 10 per cent geom- 
etry. Both determinations were made on relatively thick samples 
of low activity which contained 10 per cent or more Pu”” by a count. 
The measurements described here have eliminated the errors due to 
thick samples and contamination by other a radiation. This paper Is 

t Contribution from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne NaUonal Laboratory. 

Based on a revision of Metallurgical Project Report CN-276T (Mar. 27, 1B45) and 
other data. 
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a complete revision at an earlier interpretation of the data'' and is 
based on the method of least squares. 

2. EXPERIMENTAL TECHNIQUE 

2.1 Preparation of Neptunium Sample . By repeated purifications* 
the contaminants vrere removed from several milligrams^ of Np**^ . 
The source of the element was a batch originally mixed with several 
grams of Pu*®* produced in a graphite reactor at Clinton Laboratories. 
The plutonium was processed under such conditions'*’ that a minimum 
of neptunium was lost. The separation procedure, which consisted of 
four oxidation -reduction cycles, removed plutonium as well as ura- 
nium from the neptunium, but introduced lanthanum as a carrier. 
Three oxidation -reduction cycles" involving potassium bromate as 
the oxidant, sulfur dioxide as the reductant, and hydrofluoric acid as 
the precipitant removed the lanthanum. 

The 6.1 mg of neptunium so obtained was precipitated as neptu- 
nium(IV) hydroxide with ammonia, dissolved in nitric acid, and again 
precipitated as neptunium (V) hydroxide with ammonia. The hydroxide 
was washed four times with separate portions of water, and the last 
washing showed no traces of ammonium ion upon testing. Dissolution 
of the precipitate in dilute sulfuric acid was followed by a bromate- 
oxidation and precipitation as sodium neptunium(VI) dioxytriacetate. 
This salt was then dissolved in dilute sulfuric acid, the neptunium 
was reduced with sulfur dioxide, and neptunium(V) hydroxide was 
precipitated with ammonia. The hydroxide was dissolved in dilute 
sulfuric acid and oxidized with bromate, and sodium neptunium(VI) 
dioxytriacetate was again precipitated. The double acetate was dis- 
solved in dilute nitric acid and treated with sulfur dioxide gas, and 
neptunium(V) hydroxide was precipitated with ammonia. The hydrox- 
ide was washed and dissolved in 1.0 ml of 0.5M H^SO^ solution. 

A 1.323-mlcrollter aliquot of this solution was transferred to a 
drop of acid on a smooth, flat platinum disk. The disk diameter was 
2.3 cm, and the thickness was 0.005 cm. The drop of acid was 20 
microliters of IM HNOs solution spread over the central area of the 
plate. Five microliters of IM HF solution was added to. precipitate 
the neptunium as fluoride. A fine platinum wire was used to stir the 
drop in order to prevent the settling of large aggregates of the fluo- 
ride. The solution was carefully evaporated by a combination of an 
infrared lamp and a hot plate. During this procedure the platinum 
disk rested on a brass ring. This ring heated only the rim of the 
platinum, so that at all times the periphery of the disk was at a higher 
temperature than the center. In this manner the sulfuric acid was 
kept from the edges of the plate during evaporation. After no more 
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fumes of sulfur trloxide distilled from the sample, the neptunium film 
was again treated with hydrofluoric acid and dried. The plate was 
carefully passed over a bunsen -burner flame to remove all traces of 
combustible organic matter. The resulting disk had an even deposit 
of fluoride covering an area of about 2.5 sq cm. Examination under a 
27-power binocular microscope showed no large aggregates of mate- 
rial. Radiometric assay of the plate gave 3,704 ±6 counts per minute 
in a parallel -plate geometry ionization chamber. On the basis of 790 
counts per minute per microgram under the above conditions’ 4.69 /xg 
of Np’*^ was present. If the assumption is made that a perfectly 
uniform dispersion of neptunium fluoride covers the area, the thick- 
ness would be 0.002 mg per square centimeter. The layer probably 
had an average value of about 0.005 ±0.005 mg per square centimeter. 

2.2 Determination of R ange . The range in mica of the a parti- 
cles from the Np’’^ plate was compared with that of the a particles 
from Pu”*. These ranges were compared consecutively on the same 
parallel -plate ionization chamber^^''^ under identical conditions. The 
Cyclotron Specialties (California) type A linear amplifier and type B 
scale-of -eight counting circuit were used with the chamber. The tem- 
perature was about 25 °C and the air pressure in the ionization cham- 
ber was atmospheric (about 730 mm). The variations of temperature 
and pressure during the entire measurement were negligible. The 
platinum disk plated with the a emitter was placed on a small alumi- 
num disk having a slightly raised edge. The dimensions of this disk 
were: 44 mm diameter, 1.0 mm thickness, and a rim 0.2 ram high 
and 3 mm wide. The purpose of the rim was to prevent the active 
samples from touching the mica absorber placed over it. The alumi- 
num holder with the platinum plate centered on it rested on the bottom 
electrode of a parallel plate (27r geometry) ionization chamber. Over 
the sample were placed various mica absorbers. These absorbers 
were made by splitting sheets into various thicknesses with the aid of 
a sharp tungsten needle, examining each sheet under polarized light 
to detect nonuniformity, determining weight per unit area, and mount- 
ing the mica on narrow, flat brass rings of 60 mm diameter (see 
Fig. 1 for the geometrical arrangement of units in the ionization 
chamber). 

The procedure followed was to count the a activity with an absorber 
in place, remove the sample, and then determine the count due to the 
absorber alone. In this way the error due to possible contamination 
of the absorber could be eliminated. 

The method was first employed with a Pu’” sample of negligible 
weight (on platinum), which had roughly the same number of disinte- 
grations per minute as the Np^’^ sample. The determinations of 
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counts per minute were carried out for appropriate lengths of time 
so that the standard counting errors involved were less than 1 per 
cent In most cases. Absorbers 1, 4, 5, and 7 were used as standards 
since their surface densities had been checked many times in other 



A GUARD RING 
B PARAFFIN INSULATION 
C COLLECTING ELECTRODE 
D AMPHENOL INSULATOR 
E MICA ABSORBER 

F SAMPLE MOUNTED ON PLATINUM PLATE 


G ALUMINUM HOLDER 
H HIGH voltage ELECTRODE 
1 HIGH VOLTAGE WIPING CONTACT 
J HIGH VOLTAGE INLET 
K BREECH THREAD 
L BOTTOM PLATE 


Fig. 1 — Apparatus for range comparison. 


experiments involving o? -range determinations.*" Table 1 summarizes 
the data of the measurements involving the Pu^^“ sample. 

A theoretical derivation of a linear relation between counting rate 
and absorber thickness has been made by A.H. Jaffey.*® The following 
assumptions are made: 

1. No range straggling. 
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2. Stopping power of mica is independent of a-partlcle energy. 
These assumptions are not strictly correct, but they do not introduce 
an important error. 

Table 1 — Mica -absorption Measurements on Alpha Particles 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

AC 

(B) 

Absorber 

Dm 

Cm 

- ■'c 

w 

Ct 


AC/uc, 

1 

1.89 ^ 0.005 

2,980 

27 

0.137 

3,001 

+21 

0.8 

4 

2.84 ±0,005 

2,073 

23 

0.189 

2,053 

-20 

0.0 

5 

3.7010.005 

1,203 

17 

0.346 

1,195 

-8 

0.5 

7 

4.1510.005 

742 

10 

1.000 

740 

“2 

0.2 


0.6 (av. obtained) 
0.798 (av. theoretical) 

(1) Mica absorber. 

(2) Dm Is the surface density of the mica absorber In milligrams per square centi- 
meter and the estimated standard error of this value. 

(3) Cm stands for the counts per minute as measured for the sample with absorber 
In place, a correction having been made for any contamination of the absorber as well 
as for the counting loss (0.8 per cent per thousand counts per minute)*” due to the re- 
solving power of the electrical circuit. 

(4) ± refers to the standard error (cr) of the value In the previous column based 
on a purely statistical variation of the counting rate. The relations between this cri- 
terion and three other commonly used criteria are to be found in standard texts;*** the 
standard error is defined as the square root of the mean squared deviation and gives 
a 68.3 per cent probability of the error being less than this value. 

(5) w is the weight given to a particular determination and is inversely proportional 
to the square of the value in column (4). 

(6) Ci< is the theoretical counts per minute calculated from the equation for the 
straight line (see derivation for C below) 

Cj = (488612) ”(997.6 t0.4)D„, (1) 

which is obtained by the method of least squares** from the data In columns 2,3, and 5 
of Table 1. 

(7) AC is the difference between the values of column (6) and column (3). 

(8> AC/ shows the magnitude of the difference between theory and experiment In 
terms of the standard error for that measurement. The average of this magnitude 
should give 0.798 o (the average error) when a large number of comparisons are made. 
The value obtained, 0.6, is in fair agreement with statistical theory, indicating that 
the data are internally consistent. 


Let F = fraction of a particles emitted nvhlch emerge from the 
absorber and are counted 
R = range of at in absorber material 

r = residual range (reduced to the same units as R) which a 
particle must have after passing out of absorber into ioni- 
zation chamber before it can create a measurable pulse 
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h = absorber thickness 

X = thickness of absorber equivalent to the absorption by the 
air between sample and mica 
H = X + h 

L = R - r = path length in the absorber for a particle which 
just barely does not count 
D = total disintegration rate 
C = counting rate 
For an absorber h (see Fig. 2), 


c 



Fig. 2 — Solid angle subtended by circular aperture. 


F = 


solid angle of spheri cal segment BCD 
47r 

Solid angle of spherical segment BCD = 


27rL'*“27rLH 


( 2 ) 


(3) 



Obviously C (counting rate) is a linear function of h (absorber thick- 
ness). 


AtC = 0, x + h = R- r or R = h + (x + r) 


( 6 ) 
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Since both x and r remain constant within the experimental con- 
ditions usually applied, the measurement of ranges by comparison to 
a standard then gives 


R, - R, = hj - h, (7) 

The same Pu”^ sample was counted through several new absorbers. 
Using the equation relating theoretical counts per minute and the 
surface density of the mica absorber, and substituting the observed 
activity for Cj, the densities of these absorbers were calculated 
and compared with measured densities. These results are shown in 
Table 2. 

Table 2 “"Determination of New Absorber Densities 


Absorber 



rough value from 

calculated 


No. 

Cm 

1 

weight per area 

from equation 


2 

2,546 

25 

2.38 

2.35 

0.025 

3 

2,264 

24 

2.65 

2.63 

0.024 

6 

980 

8 

3.92 

3.92 

0.008 

8 

633 

9 

4.26 

4.26 

0.009 

9 

460t 

5 

4.43 

4.43 

4.898 

0.005 

0.003 


tBy solving Eq. 1 for Cy = 0, the extrapolated end point for the range of Pu"” in 
mica under the experimental conditions is found to be 4.89B1 0.003 mg per square 
centimeter. 

tBased on reference 20. 


Replacing the Pu*®® sample with the Np?®’ specimen and determining 
the a activity with various mica absorbers produced the results 
shown in Table 3. 

Using Eq. 8 (footnote, Table 3), the surface density of mica re- 
quired to reduce the Np”’ count per minute to zero is 

D = 4.260 ±0.007 mg per square centimeter (9) 

The difference between the range of Pu^’® and Np^^ in mica is 

(4.898 ±0.003) - (4.260 ±0.007) 

= 0.638 ±0.008 mg per square centimeter of mica (10) 

Li order to convert the preceding data into range difference in air, 
the following value was experimentally determined by Ghiorso.*® 



RANGE OF Np*” ALPHA PARTICLES IN AIR 975 

Thickness of mica in milligrams per square centimeter (11) 

equivalent to 1 cm of air for 4.7 -mev particles = 1-40 0.03 

The method used was to compare the extrapolated range of Np*^"' 
with and without a mica absorber whose surface density was known. 
The measured activity was varied by changing the air pressure. The 
counts per minute were determined in a low-geometry arrangement 


Table 3 — Mica Absorption Measurements on Np”'' Alpha Particles 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(fl) 

Absorber 






AC 


No. 


Cm 

- Vr 

'-M 

w 

Ct 

(Cx-C|^) 

AC/oci 

1 

1.89 

1,908 

11 

0.132 

1,912 

-4 

0.4 

2 

2.35t 

1,539 

10 

0.160 

1,544 

42 

0.2 

3 

2.63r 

1,330 

9 

0.198 

1,315 

-15 

1.7 

4 

2.84 

1,133 

9 

0.196 

1,146 

+13 

1.4 

5 

3.70 

452 

5 

0.640 

452 

0 

0.0 

6 

3.92t 

274 

4 

1.000 

275 

+l 

0.3 


0.7 (av. obtained) 
0.796 (av. theoretical) 

Note; For explanation of columns see Table 1. Note, however, that in this table (2)t 
indicates a calculated value (see Table 2). In (6) the linear relation that best describes 
the data of columns (2), (3), and (5) is 

Cx = (3436 t 4) - (806.5 t 0.9)D„ (8) 


SO that the only a particles involved were those coming off the sam- 
ple plate in a small solid angle inclosing the perpendicular line. This 
procedure decreased the effect of back-scattered particles. The value 
obtained for the ratio agrees nicely with the value of 1.43 given in the 
literature” for 6 -mev a particles. This ratio is known to decrease 
with decrease in energy of the a radiation. 

Using Eq. 11, the difference in ranges is 


0.638 1 0.008 
1.40 ±0.03 


= 0.45610.008 cm of air 


( 12 ) 


Since the mean range of Pu*” has been found by measurement”’®* 
to be 3.68 ±0.02 cm, by comparison with the known*® mean range of 
Po^‘“, 3.84210.006 cm, the value for Np”'' is 


(3.88 + 0.02) - (0.4610.01) 

= 3.2210.02 cm of dry air at 15“C and 760 mm Hg (13) 
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This value corresponds*” to an energy for the Np”'' a particle of 
4.72 ±0.02 mev. 

Since the difference between the extrapolated and mean range 
changes but slowly as the alpha energy increases, a negligible error 
in the mean range determination arises when the extrapolated ranges 
compared are close together.^ 

The minimum purity of the neptunium sample with respect to pluto- 
nium was estimated by employing an absorber whose surface density 
lay between the a -particle ranges of Pu®*® and Nj^”. Since the effect 
of straggling must be considered at the very end of the range curve, 
the absorber selected was greater than 0.15 mg per square centimeter 
beyond the theoretical value necessary to reduce the Np®*^ count to 
zero. The experiment, carried out as part of the previously men- 
tioned Np®®'' run, indicated 1.5 10.1 counts per minute at 4.43 mg per 
square centimeter of mica. Using this point and the point at which the 
plutonium count was zero gave an extrapolated value of 16 1 1 counts 
per minute at zero absorber. Applying a geometry correction factor 
of 1.08 for the absorber arrangement gave a maximum of about 17 
counts per minute of Pu®*® present in the original 3,704 total counts 
per minute. This is equivalent to a Pu®*® contamination of 0.46 per 
cent by a activity and 0.0051 per cent by weight. A later measure- 
ment®'' of the impurity present in the sample by fission count in a 
beam of thermal neutrons verified this estimate. The error intro- 
duced in the Np^'' range by the presence of this amount of plutonium 
is well within the experimental error, and correction for it has there- 
fore been omitted. 


3. SUMMARY 

The mean range of or particles from Np®®' is 3.2210.02 cm in dry 
air at 15°C and 760 mm Hg pressure when 3.68 cm is used for the 
comparative range of the Pu®®® a particle. The corresponding energy 
of the neptunium radiation is 4.72 10.02 mev. 
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THE RADIATIONS OF Np*®® AND THE HALF LIFE OF Pu”®t 
By A. H. Talfey and L. B. Magnusson 


1. INTRODUCTION 

Np?®® was first reported’® in 1942 when it was made by the reaction 
U®®®(d,2n)Np?®®. It was, however, mixed with a large amount of Np?®® 
formed by the reactions 

U®®®(d,n)Np“ U®®®(d,p)U“®— Np®® (1) 

The radiations of Np?®® could be partially determined from the gross 
absorption curve by subtracting a normalized Np^®® curve, but the ac- 
curacy of the results was not known with any certainty owing to the 
difficulty of such analysis. However, a hard p ray (1,0 mev) and a 
hard y ray (1.1 mev) were found. The half life was determined to be 
2,0 1 0.1 days. 

An attempt was made to make some Np?®® free of Np^®® by neutron 
bombardment of Np^®’. A sample of Np?®’ (as the oxide) was irradiated 
in the “thimble" at the center of the Chicago heavy-water pile. It 
was found that large amounts of NpP®' were formed (as later reported 
by Seaborg*®), and that very little purification was required. One 
oxidation-reduction lanthanum fluoride purification cycle® was found 
to be sufficient. Absorption and coincidence measurements were 
made on the Np^' activity in order to characterize its radiations and 
to make a rough determination of the decay scheme. To determine 
the Pu®®® half life, the growth of a activity was measured, and an at- 
tempt was made to count the absolute disintegration rate of the Np?®® 


tContributlon from Ihe Chemistry Division ol the Metaiiurgical Laboratory, Univer- 
sity of Chicago, now the Argonne National Laboratory. 

Work done by Arthur H. Jaffey and Lawrence B. Magnusson and report written by 
Arthur H. Jaffey. Preliminary results have been reported in Metallurgical Project 
Reports CN-2767 (March 1045) and CF-2914 (Apr. 24, 1945). 
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activity. With the practically pure Np?’* in the neutron-bombarded 
Np?”, it was possible to measure the radiations more accurately, as 
described below. 

The results of the measurements may be summarized in the tenta- 
tive decay scheme shown in Fig. 1 . Because of the lack of a magnetic 
spectrograph for analyzing the 0 and y spectrum, this decay scheme 
can only be taken as tentative, although the results of the absorption 
measurements do make it seem rather plausible. 


Np 


236 


0.2 MEV /3 


1.4 MEV P 


407.\ 


1.2 MEV 


0.075 MEV y 

(INTERNALLY CONVERTED) 


Pu 


Z3B 


Fig. 1 — Decay scheme for Np*’*. 


2. THE BETA RADIATIONS 

It has been found that with the mica end-window Geiger -Mueller 
tube used in this laboratory,*'^’” an absorption curve does not start 
out with an initial straight-line slope (in a graph of log activity vs. 
absorber thickness) unless the sample is fairly close to the window 
and the absorbers are placed immediately below the window.''’” In 
order that a reasonably accurate straight-line extrapolation to zero 
absorber might be made, the Np^” sample was placed as close as 
possible to the window, the limitation being the largest absorber used. 

The samples were mounted on quartz to reduce back-scattering. 
Subsequent to the work described here, a detailed report on the mag- 
nitude of back-scattering was issued,”’*” and it then became evident 
that the thick quartz used in the N{^”” experiments (essentially an 
“Infinitely” thick back-scatterer) caused a relatively large amount 
of back-scattering. 

Measurements have not yet been made with samples mounted on 
thin foils. The error due to uncertainties in the back-scattering cor- 
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rectlon constitutes one of the major sources of uncertainty In the 
Pu^^* half-life evaluation. 

Resolution -loss corrections were determined empirically by a split- 
sample technique, the method of least -squares calculation being that 
described by Kohman.^^ 



0 60 120 1B0 240 300 360 420 480 540 600 660 720 780 840 900 

ALUMINUM ABSORBER, MG/SQCM 


Fig, 2 — N|^’' 0 radiation. Absorption curve made on mica -window Geiger-Mueller 
tube (4.1 mg/sq cm window); sample on quartz, mounted 1.0 cm from window. A, com- 
plete absorption curve. B, y ray. C, hard 11 ray. 


Figure 2 shows an aluminum absorption curve for the values 

were taken with a standard mica-window counter,! the sample being 
mounted 1.0 cm from the window. An absorption curve of RaE was 
made under the same conditions, and the two curves were compared 
by Feather's method.'^ 


tThe circuit used Involved a Neher-Harper quenching circuit and a scale-of-elght 
scaler made by the Cyclotron Specialties Co., Moraga, California. 
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Feather analysis of a number of curves gave an average value for 
the range of about 620 mg/sq cm of aluminum (the particular curve in 
Fig. 2 gave 613 mg/sq cm). From the revised range-energy re- 
lation“ 


Emax = 1<85 R 0.245 (R > 0.3 g/sq cm) (2) 


the value of Emaxis 1,39 1 0.05 mev. 

The extrapolation to zero absorber (including air and window) 
shows this p ray to have a zero-absorber activity of 9,000 counts per 
minute. This value must be corrected for the x-ray count (see below), 
for back-scattering from the quartz, and for the electrons arising 
from conversion of the hard y ray. As described in the appendix to 
this paper, the recalculated zero-absorber back-scattering correc- 
tion on quartz is about 1.28. Corrected zero absorber count is then 


(x ray) 

(9,000 - 225) 
1.28 


(electrons) 

170 = 6,660 counts/min 


Figure 3 shows the beginning of the aluminum absorption curve in 
greater detail. In order to investigate the soft components more 
thoroughly, this part of the absorption curve was measured in a low- 
absorption Geiger -Mueller counter whose minimum absorption was 
0.49 mg/sq cm.** It was inconvenient to attempt to determine resolu- 
tion-loss corrections for the low-absorber counter, which was oper- 
ated as a self -quenched Geiger -Mueller tube using argon and alcohol. 
Instead, the resolution -loss correction for a typical mica-window 
tube feeding into the same type of circuit was used. The correction 
amounted to about 0.5 per cent loss per 1,000 counts per minute.*’ 

The ’"low-absorption" curve was normalized so that it matched the 
initial part of the absorption curve in Fig. 2 in the region in which 
they overlapped (5.4 to 29 mg/sq cm). The fit in the overlapping re- 
gion was very good. The initial part of the absorption curve in Fig. 2 
has therefore been replaced by the normalized low-absorption-counter 
curve and is shown in Fig. 3. The gamma and extraix)lated hard 0 
curves of Fig. 2 were subtracted to give the soft 0 components. 

The analysis shows the following two components: (1) 12,000 zero- 
absorber (including air and window) counts of a 4.9 mg/sq cm alu- 
minum half-thickness component; (2) approximately 25,000 zero- 
absorber counts of a 0.62 mg/sq cm aluminum half -thickness com- 
ponent. 
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ALUMINUM ABSORBER, MG/SQ CM 


Fig, 3 — soft rays, Sample on quartz, 1 cm from Geiger -Mueller tube wlndo'w, 
A, normalized absorption curve determined In low-absorption counter, B, extrapolation 
of hard p curve (r curve subtracted), C, residue curve after subtracting y curve and 
curve B from curve A. D, extrapolation of straight part of curve C, half thickness - 
4,9 mg/sq cm of aluminum. E, residue curve after subtracting curve D from curve C, 
half thickness = 0.62 mg/sq cm of aluminum. 


The energy of the harder of the two components may be calculated 
In several ways. One method is to determine the range either by 
Feather’s method^^ or by an empirical relation between Initial half 
thickness (sample on first shelf) and range,'” A Feather analysis 
gives a range of 52 mg/sq cm of aluminum. For this energy region 
the empirical ratio 
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= = 111 

initial half thickness 

Since Ti^ = 4.9 mg/sq cm, the range is 49 mg/sq cm. From the re- 
vised range -energy relation‘s for low energies 

Emax = 1.92(R)“ ''*s (0.02 g/sq cm < R < 0.3 g/sq cm) (3) 

the ranges 52 mg/sq cm and 49 mg/sq cm correspond to 0.219 and 
0.216 mev, respectively. 

An empirical correlation between initial haU thickness and energy 
has been made by Sturm and Turkel,^’' giving the relation 

Emax = 8.30 Tvi® (4) 

This equation represents a least-squares fit for 127 ^-absorption 
curves. A degree of inaccuracy might be expected since the wide 
variety of experimental conditions under which the measurements 
were made resulted in a considerable scattering in the individual 
points. The initial half thickness is quite dependent on the relative 
positions of the sample, Geiger-Mueller tube, and absorbers, owing 
to scattering effects. From the value Ty^ = 0.0049 g/sq cm of alumi- 
num, Emax = 0.226 mev. The three methods seem to check fairly well, 
giving a value of 0.22 mev. 

The zero-absorber count is corrected for "infinite” thickness 
back-scattering from quartz as described in the appendix. Since the 
x-ray and hard-conversion electrons have rather large half thick- 
nesses (see below) they are primarily involved in the hard p absorp- 
tion curve. No correction is necessary here. The zero-absorber 
count is then 12,000/1.28 = 9,370 counts per minute. 

None of the above formulas have been checked for energies as low 
as that of the very soft component, but in the absence of better cali- 
brations they will be used. Equation 4 gives 0.055 mev. Assuming the 
range is 10 x Ty,, the value is 6.2 mg/sq cm. From the relation of 
Coryell and Glendenin, Emu = 0.048 mev. Using the raiige-energy data 
for homogeneous electrons”'**’” drawn in Coryell’s f) curve” as rec- 
ommended by Coryell and Glendenin,” Emu = 0.063 mev. The energy 
may be assumed to lie between 50 and 60 kev. 

The back -scattering correction has not been measured for such low 
energies, nor has it been measured for conversion electrons (which 
is the probable nature of the 55-kev component). However, the recal- 
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ciliated value, 1.26 (appendix). Is used to give 25,000/1.28 = 19,500 
counts per minute at zero absorber. 

3. GAMMA RADIATION 

Figure 4 shows an absorption curve made with lead. The sample 
was mounted on the fourth shelf (5.0 cm from the window) and counted 
with a mica-window tube mounted in an upside-down position. The 
lead absorbers were placed just over the Geiger -Mueller tube window 
to minimize the effects of scattering. The Cyclotron Specialties Co. 
circuit was used with Neher-Harper quenching. Resolution correc- 
tions were determined by the split-pair technique.*' 

The half thickness was found to be 13.1 g/sqcm of lead. The energy 
was evaluated from the absorption coefficient-energy relation calcu- 
lated by Heitler,^* which was redrawn as a half thickness -energy 
relation by Coryell.’’" On this curve the 13.1 g/sq cm half thickness 
corresponds to 1.44 mev. It is quite evident that such a value lor the 
V-ray energy would not fit the decay scheme described above. There 
is, however, good reason to suspect that Heitler’s relation may not 
be strictly applicable to the method of determining absorption curves 
described here. In calculating that portion of the absorption coeffi- 
cient due to Compton scattering, Heitler assumed that a y ray under- 
going Compton scattering would be scattered out of the beam and 
would miss the detector. The y-ray beam must be very sharply col- 
limatecP" to fulfill this condition. 

Since a large fraction of the Compton y rays are scattered with a 
large forward component, the geometry used in this measurement al- 
lowed the counting of many of the Compton-scattered y rays. This 
effect caused a slower dropping of measured activity with addition of 
absorbers than would occur in a collimated beam, resulting in a 
larger half thickness. 

If it were possible to place a very large amount of lead between the 
sample and the Geiger -Mueller tube, the primary and secondary 
(Compton) y rays would come to an equilibrium and the slope of the 
final part of the absorption curve would depend only upon the half 
thickness of the primary y ray."^ Because of limitations of sample 
activity, however, the sample was so close to the Geiger -Mueller tube 
as to make it difficult to use sufficient absorber to attain such equi- 
librium. Under the same conditions, absorption curves with aluminum 
and copper showed half thicknesses that were obviously much too 
high, giving energies well over 2 mev (from the half thickness - 
energy relation). For aluminum and copper larger amounts of ab- 
sorber are necessary to attain primary-secondary equilibrium. Hence 
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absorption curves with these absorbers were even farther from equi- 
librium than was the lead absorption curve. 

To check on the magnitude of this effect, experimental values of the 
half thicknesses of a number of fission products were compared with 
the spectrograph energies.^ 



Fig. 4 — > ray. Sample on fourth shelf; absorbers placed Just over window. 
Half thickness = 13.1 g/sq cm of lead. 


The data are summarized in Table 1. Most of the y-absorptlon 
curves taken in the Metallurgical and Clinton Laboratories and listed 
in this table were measured under conditions essentially the same as 
in the present experiment. The half thicknesses of all these absorp- 
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tion curves were translated into energy by means of Coryell’s version 
of Heltler’s curve. 

The most interesting nuclear species, La^*°, has a complicated y 
spectrum. In order to make It possible to determine the magnitude of 


Table 1 — Energies of Some Fission Product Gamma Rays Determined by Both 
Spectrographlc and Lead Absorption Methods 


Isotope 

Spectrograph 
energy, mev 

Energy from lead absorption 
and Coryell’s curve, mev 

1131 

0.367 

0.36 

Zr“ 

0.73 

0.80 

La»« 

0.335t (1.5%) 

0.66 

1.9 (83.B%)t 


0.49t (8%) 

O.est (12%) 
1.64t (75.5%) 
2.3t (5%) 

0.36 (16.1%)! 

* 


tThese data are the average of the results of two slightly 
different spectrographlc measurements. 

tThese data are from the report by Metcalf et al.“ 


the discrepancy resulting from the Compton scattering, an "ideal" 
absorption curve for La’^” was calculated in the following manner. 
The half thickness of each y component found in the spectrograph 
measurement was determined from Coryell's curve. It was assumed 
that the cotmting efficiencies of each y ray In the brass -shell counter 
lead-absorber system was proportional to the y energy. This is known 
to be approximately true in the energy region considered.^” The ab- 
sorption curves were drawn and then added together. If the summary 
curve is carried out to 30 g/sq cm of lead (the maximum usually used 
in the absorption measurements), it maybe very closely approximated 
by a straight line, the slope of which corresponds (on Coryell’s curve) 
to 1,60 mev. Thus if Heitler’s relation applied under these experi- 
mental conditions, the absorption curve would give an energy of 1.60 
mev, whereas it actually gave 1.9 mev, a discrepancy of 0.3 mev. 

There seems to be essentially no discrepancy at 0.36 mev, a 0.1- 
mev discrepancy at 0.7 mev and 0.3-mev discrepancy at 1.6 mev. It 
seems reasonable, therefore, to assume a discrepancy of between 0.2 
and 0.25 mev for a y ray whose nominal energy is 1.44 mev. It is as- 
sumed, therefore, that the energy of the Np”” y ray is 1.2 mev. 

From Fig. 2 the zero -absorber y count is 118 counts per minute. 
The corresponding soft /3 count (corrected for back-scattering) Is 
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9,370 counts per minute. As vdll be shown later, the hard y ray Is 1 .8 
per cent converted. The ionization efficiency of the 1.2-mev y ray Is 

118 

(9,370) (0.982) ° ° ^ 

Ionization efficiency is defined as the ratio 

zero -absorber (extrapolated) counts due to the y ray 
zero -absorber (extrapolated) counts due to the p ray 

where the p ray is being emitted from the sample at the same rate as 
the y ray. 

Since the 118 counts per minute was evaluated by extrapolating the 
y part of the aluminum absorption curve to zero absorber, the ion- 
ization probability of 1.3 per cent refers to the combined system of 
the brass-wall Gelger-Mueller tube window plus aluminum absorbers 
placed immediately in front of the tube window. The ionization prob- 
ability is larger than that which would occur in the absence of the 
aluminum absorbers because of the counting of the Compton recoil 
electrons knocked out of the aluminum. 

The value of 1.3 per cent holds, however, only when the amount of 
aluminum absorber exceeds the minimum required for equilibrium 
between the primary y and the secondary (Compton) electrons as 
described by Rasetti.^^ This minimum value corresponds to the max- 
imum range of the Compton electrons. An interesting example of this 
effect is found in the case of 3 5 -day columbium, which has a very soft 
0 ray (0.15 mev) and a hard y ray (0.75 mev).^* An aluminum absorp- 
tion curve of 3 5 -day columbium shows the typical decrease of /9 ac- 
tivity with the addition of absorbers, followed first by a small rise of 
activity (beyond the fi range) up to a maximum value, and then a 
decrease, tapering into a straight-line y-absorption curve.” The 
range of a 0.75-mev /3 ray is 280 mg/sq cm whereas the tapering 
off into a constant slope occurs at about 275 mg/sq cm. This in- 
crease of counts due to a y ray up to a maximum value is discussed 
by Rasetti; it is generally not observable in absorption curves deter- 
mined in the standard manner because the effect, which is quite small, 
is usually hidden in the (1 -absorption curve . (Other examples of this 
effect are described by Meitner.^*) 

Since the energy of the hard ^ ray of is greater than that of the 

hard y ray, the absorption curve of the Compton electrons is buried 
in the ^-absorption curve and hence is not observable. The effect is 
rather small at small absorber thicknesses and hence has little ef- 
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feet on the extrapolation of the p ciu'ves to zero absorber. Similarly, 
since the y energy is less than the ^ energy, the 0-range determina- 
tion is not likely to have been appreciably affected. 

4. X RAYS 

Figure 5 shows a lead absorption curve made with a standard 
mica-window argon-alcohol Geiger -Mueller tube with the sample 
mounted on the second shelf (19 mm from window). Immediately 
above the sample was placed a beryllium absorber, 1.9 g/sq cm in 
thickness, to stop the rays with a minimum of Bremmstrahlung 
emission and a minimum of absorption of x rays. On subtracting the 
y components, the residue shows a soft component of half thickness 
9.9 mg/sq cm of lead. There is also a small residue of an even softer 
component, but not enough points were available to analyze it. 

A half thickness of 9.9 mg/sq cm of lead corresponds to 12.8 or 
22.3 kev,^* since the half -thickness energy relation for lead is multi- 
valued in this region due to the lead L-absorption edges. The y count 
of 212 counts per minute appears to be essentially equal to the activ- 
ity of the 9.9 mg/sq cm x ray (210 counts per minute). 

No evidence can be seen in the absorption curve for K x rays of 
plutonium, which should have energies between 100 and 124 kev^^ 
(lead half thicknesses of from 120 to 189 mg/sq cm), whereas the 
observed energy (12.8 or 22.3 kev) could correspond to the L x rays 
of plutonium, which range in energy from 14.1 to 21.4 kev.^^ 

A more detailed picture of the x rays is obtained from the aluminum 
absorption curve (Fig. 6), which shows (after subtracting they -ray 
curve) two components of 130 and 32 mg/sq cm half thickness, cor- 
responding to 17.5 and 10.4 kev, respectively.^’ 

To check whether these radiations could correspond to the pluto- 
nium X rays, an ideal absorption curve was constructed for the pluto- 
nium L X rays. The energies of the more Intense L lines were calcu- 
lated by James by plotting the energies for elements 92 and below and 
extrapolating to element 94. The half thicknesses were taken from 
the absorption data of Compton and Allison. The relative intensities 
for the various lines were assumed to be the same as for uranium.’” 
It is also assumed that the counting efficiencies for the various L 
components are the same. This is probably somewhat incorrect,” 
but is the simplest assumption to make. 

Adding the absorption curves for the various components (14.3, 
14.1, 18.2, 17.3, and 21.4 kev for the Lotj, Ln^, L^,, L^, and Ly^ com- 
ponents, respectively), the total absorption curve appeared as in 
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Fig, 7. This curve can be “analyzed" into two components, the ex- 
act analysis being somewhat arbitrary. Figure 7 shows two compo- 
nents, with half thicknesses of 118 and 41 mg/sq cm of aluminum. 



Fig. 5 — X rays associated with Np?” decay. Sample on quartz, 25 mm from mica win- 
dow; 1.9 g/sq cm of beryllium over sample to remove fl rays. A, lead-absorption 
curve. B, extrasMlatlon of y curve. C, x-ray curve (subtracting curve B from curve A); 
half thickness = 9.9 mg/sq cm of lead. 


which correspond to 16.9 and 11,6 kev, respectively. It seems rea- 
sonable, therefore, to assume that the x rays found in this experiment 
were due to Pu“*®. 

The X rays were also analyzed by lead and aluminum absorption 
measurements in which the f) rays were bent out with a magnetic field 
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Instead of being absorbed by beryllium. The energies measured were 
essentially the same as the measurements discussed above. 

ALUMINUM ABSORBERS, M6/5Q CM (CURVE A) 



ALUMINUM ABSORBERS, MG/5Q CM (CURVES C AND D) 

Fig. 6 — X rays associated with decay. Sample on quartz, on second shelf (19 mm 
from window); 2.6 mg/sq cm window on Geiger -Mueller tube; 1.9 g/sq cm of beryllium 
over sample to remove rays. A, aluminum absorption curve, B, extrapolation of 
y curve. C, x-ray curve (after subtracting curve B from curve A), half thickness « 
130 mg/sq cm of aluminum. D, softer x ray; half thickness = 32 mg/sq cm of alumi- 
num. 


As In the case of the lead absorption curve, there seems to be a 
small residue in the form of a very soft component for which the 
data are too scattered for accurate analysis. There is no evidence for 
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plutonium K x rays, which should have aluminum half thicknesses of 
from 4.07 to 4.63 g/sq cm.’‘ 



ALUMINUM ABSORBER, MG /SO CM 

Fig. 7 — Plutonium L x rays. A, theoretical curve constructed from absorption curves 
of most intense components of plutonium L spectrum, assuming counting efficiency of 
each component is the same. D, extrapolation of apparent hard component, half thick- 
ness = 118 mg/sq cm of aluminum. C, apparent soft component; half thickness = 41 
mg/sq cm of aluminum . 


The absorption curve shows that there are 302 counts per minute of 
the L X rays to 278 counts per minute of the y ray. From the L x-ray 
energies and the absorption of beryllium for various energies^^ it can 
be shown that 1.9 g/sq cm of beryllium would cut the activity of the 
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plutonivm L x rays by 50 per cent (assuming the counting efficiencies 
of aii the components to be the same). Thus, correcting for the beryl- 
lium absorption, the ratio of the L x-ray activity to y activity is 004 
to 278. 

From the decay scheme described above, the zero -absorber counts 
for hard ^ and soft ^ and the hard y conversion factor, the following 
ratio is obtained (assuming complete L conversion of the softy) 


number of L x rays _ 6,660 + 9,370 _ , 
number of y rays (0.982) (9,370) 


From the previously calculated ionization efficiency of the Geiger - 
Mueller tube for this y ray (1 .3 per cent), it is evident that in the 
brass-wall argon-alcohol counter the average L x-ray ionization ef- 
ficiency is 


fix 1.3% = 2.8, 

Since the zero-absorber y count is obtained by extrapolating the 
portion of the absorption curve beyond the range of the Compton elec- 
trons, the y-ray efficiency applies to the same conditions as de- 
scribed above, i.e., the Geiger -Mueller tube window covered with 
sufficient aluminum absorber to provide saturation for the Compton 
electrons arising in the aluminum. 

However, as pointed out by Meitner,^’ an absorber of low atomic 
niunber placed just over a y-ray source can provide a fair number of 
Compton electrons, which enter the Geiger -Mueller tube. Since Comp- 
ton scattering depends primarily upon the number of electrons per 
sq cm, beryllium is about as effective in this respect as aluminum 
(i.e., for a y ray of about 1.2 mev). Some of the "x-ray counts," in- 
cluding the residual unidentified soft component, may be due to Comp- 
ton electrons from y-scattering in the beryllium absorber. If this 
were true the measured x-ray activity would be too large, and hence 
the x-ray efficiency would be less than 1.6 per cent. The effect, how- 
ever, seems not to be very important, since coincidence measure- 
ments (discussed below) indicate the x-ray ionization efficiency to be 
higher than 1.6 per cent. The L x-ray efficiency is independent of the 
absorbers over the window, since the photoelectrons liberated in the 
absorption process have ranges less than the mica-window thickness. 
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5. COINCIDENCE MEASUREMENTS 

Several coincidence measuremente were carried out, using two 
standard mica-window Geiger -Mueller tubes and a coincidence cir- 
cuit built by Bradley and Epstein.” As used in these measurements, 



Fig. 8 — -y coincidences. Geiger -Mueller counter No. 2 covered with 1,267 
g/sq cm of aluminum (only y rays counted). Absorption curve determined with ab- 
sorbers over Geiger -Mueller counter No. 1. A, complete curve. B, hard component 
coincident with y ray, probably L x ray, half thickness = 55 mg/sq cm. C, 0.2-mev 0 
ray coincident with y ray; half thickness = 5.0 mg/sq cm. 


the circuit had a time constant (empirically determined), t = 1.0 x 
10"® sec. 

The first measurement Involved an attempt to look for iS-y coinci- 
dences. The two Geiger -Mueller tubes were placed with their axes 
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coinciding and mica windows facing each other. The sample (mounted 
on thin mica) was placed haUway between the two Geiger -Moeller 
tubes, with the face of the sample facing tube 1. Between the back 
of the sample and tube 2 was placed an aluminum absorber (1,267 
mg/sq cm) that was sufficient to cut out the hard jS rays and all the L 
X rays. The coincidence counting rate was corrected for chance co- 
incidences^* and for the cosmic-ray background. The coincidence 
rate was measured as a function of the absorber thickness in front of 
tube 1 as shown in Fig. 8. 

The absorption curve was analyzed into two components (analysis 
described below in Eqs. 6 to 10). The half thickness of the major 
component is 5.0 mg/sq cm, in good agreement with the absorption 
curve in Fig. 3. This confirms the hypothesis shown in Fig. 1, namely, 
that the hard y ray is in coincidence with the soft ^ ray. 

The tail of the coincidence curve is apparently an L x ray coinci- 
dent with the hard y ray. To analyze the absorption curve the follow- 
ing assumptions were made about the decay scheme: (1) the hard 
y ray is at most only slightly converted, and (2) the soft y ray is com- 
pletely converted. 

This is made reasonable by the presence of the large number of 
very soft electrons and the apparent absence of any quantum radiation . 
in the neighborhood of 75 kev. 

Thus, according to these assumptions, each hard y ray is coinci- 
dent with a soft ray (Emax = 0.2 mev), a very soft electron (which is 
completely cut out by the minimum absorber of mica window and air), 
and an L X ray. There may also be a few conversion electrons of 
about 1.1 mev energy coincident with the soft ^ ray and L x ray, but 
the measurement of Fig, 8 only measures the y-ray coincidences. 

Let = measured coincidence rate, counts per minute 
Ay = measured y-counting rate in tube 2 
N = rate of a given event, e.g., Ns = number of soft p rays 
emitted per min 
s = soft ^ ray 
h = hard ^ ray 

X, = X ray coincident with soft fi ray (and y ray) 

Xg = X ray coincident with hard ^ ray 
c = internal conversion electrons of hard y ray 
y = hard y ray 

f = internal conversion factor for the hard y ray 
W = mg/sq cm of absorber over tube 1 (including window and 
air) 
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Ej s Geiger -Mueller tube efficiency for particular radiation 
X| = mass -absorption coefficient for particular radiation 
Gi = geometry for particular radiation 

Ij s ionization efficiency for particular radiation (enough to 
cause count in Geiger-Mueller tube) (see Eq. 13) 

It is assumed that the back-scattering effect was not Important. At 
W 3 0 (zero -absorber extrapolation), 

(A^ “ NyEyEg (l ~ E^ ) + NyEyEx (l ~ Eg ) + NyEyE^ Eg 

= NyEy (Eg + Ex -EsEx) (6) 

since only one coincidence is registered if both an x ray and a soft 
0 ray from the same disintegration ionize in tube 1. The first term 
represents ^-y coincidences; the second term, x-y coincidences; and 
the third term, (x-^) -y coincidences. 

For any W (for the region in which the ray is absorbed exponen- 
tially) 


A^iy = NyEy [Ege-'^"*' + Exe-’^-'^ - ExEse-‘^»^^»>'^] (7) 


Since Xg » Xx > for W large (i.e., at the tall of the curve) 


x(A^y) = NyEyExe-^«w (8) 

Hence, extrapolation of the tall of the curve to zero absorber gives 
*(A(jy )w=o = Pi = NyEyEx = 1.18 counts per minute (9) 


From Eqs. 6 and 9 

(A(3y )w=o ~ Pi = Pa = NyEy [Eg - Eg Ex ] = 47.5 counts per minute (10) 
Dividing Eq. 9 by Eq. 10 


Pi _ Ex 

P, "Es(I-Ex) 


( 11 ) 


Since Eg = 0.175 (experimental measurement of geometry by use of 
a standard) 
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0.0247 (12) 

Es 

li is defined by the equation 

GjI, = Ei (13) 

It is assumed that the geometries for x-ray counting and fi counting 
are the same in the mica -window counter, and that 4=1. Hence, 

|^= 4 (14) 

and 

I, = 0.0247 (12a) 

From this measurement it would seem that the average ionization 
probability for plutonium L x rays is about 2.5 per cent. In the pre- 
vious section this value was calculated as 1.6 per cent. However, it 
should be noted that if it were assumed that the soft y rays were co- 
incident only with the soft /3 rays and that the hard ^ rays decayed 
directly to the ground state, then the number of x rays assumed would 
be smaller, and the 1.6 per cent value would be corrected to 2.8 per 
cent. However, it would then be very difficult to explain the number 
of very soft electrons found in the low-absorber counter. It seems 
preferable to assume the decay scheme shown in Fig. 1 and to ascribe 
the difference between 1.6 per cent and 2.5 per cent to experimental 
error. This explanation seems plausible since another method of 
calculating 4 gives still another value. 

In tube 2, assuming practically no absorption of the y rays in 1,260 
g/sq cm of aluminum 

Ay= NyEy (15) 

Dividing Eq. 9 by E;q. 15 

i.E. -.^. 0.00344 (18) 

From Eqs, 14 and 16 and the measured value of (using a stand- 
ard sample) of 17.5 per cent, 


, 0.00344 „ „ 


(17) 
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The average of the three values for (1.6, 2.5, and 2.0 per cent) 
is 2.0 per cent. 

Another coincidence measurement was made in order to determine 
the internal conversion factor of the hard y ray. The two mica- 



TOTAL ABSORBER BETWEEN SAMPLE AND EACH COUNTER, MG /SO CM 

Fig. 9 — N|f’' ^-e coincidences. Two Geiger-Mueller tubes with axes at right angles. 
Axes intersect at sample. Tubes symmetrical relative to sample. Absorbers placed 
over both tubes symmetrically. Half thickness = 4.5 mg/sq cm of aluminum. 


window tubes were arranged with their axes at right angles but in the 
same plane. The sample was placed at the intersection of the two 
axes, facing both windows at an angle of 45 deg. The relation between 
the sample and each of the two tubes was completely symmetrical. 
Between the two tubes was placed a shield to prevent direct scattering 
of electrons from one tube to the other. The coincidence background 
due to multiple scattering was determined by using a RaE sample, 
which has no conversion electrons. The coincident rate was also 
corrected for cosmic -ray background. 
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An absorption curve was taken with equal absorbers in front of 
each tube. Figure 9 shows the coincidence rate as a function of ab- 
sorber thickness. 

The same notation is used as above, with the addition that (A^)>vsO 
is the zero -absorber (extrapolated) coincidence rate. The coinci- 
dences result from three groups of disintegrations; those arising 
from fN 5 events per minute giving double or triple coincidences be- 
tween s, c, and x, those arising from (1 'f)Ns events per minute 
giving rise to double or triple coincidences between s,y, and x, and 
those arising from Nh events per minute giving rise to coincidences 
between h and x 

(A(,e)w=0 = 2fNs [EcEx (1 -2EJ + E,Es (1 ' 2Ec ) 

+ EcEs (1 -2Ex) + 3 ExEcEs] + 2 (1 -f) Ns [E^E* (l-2Es) 

+ ExEs (l-2Ey) + E,Es (l-2Ex) + 3ExEyEs] + 2NhEhEx (18) 


The first three terms In each of the two brackets represent the double 
coincidences only, while the last term in each bracket represents the 
triple coincidences occurring when two ionizing "particles” enter 
one tube while one enters the other tube. The factor of 2 arises be- 
cause either tube can record with equal efficiency any of the radia- 
tions. 

(A fie ) w »0 = Ps = 2 Ns [(Ex Ey + Ex Eg + Eg Ey ~ 3Ex Ey Eg ) 

+ f (Ec Ex Ex Ey + E( Eg Eg Ey 3E|> Ex Eg *f 3£x Ey Eg )] 

+ 2NhEhEx (18a) 

At zero absorber, the efficiencies of all the /3 rays may be consid- 
ered approximately equal, and from the assumed decay scheme 

Nh = Nx,, Ns =Nx. =Ny + Nc, M=^ = |^=0.711, 

Eg = Eh = Ee (19) 
Ex = Eglx, Ey = Egly (20) 

From Eqs. 18a, 19, and 20 

Ps = 2NsEi [(Ixly + Ix + ly - SEsIxIy + MI*) + f(lx “Ixly + 1 

- ly - 3Es Ix + 3EsIxIy)] 


( 21 ) 
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Eg was determined by first counting the sample in a counter whose 
geometry had been standardized with a geometry standard and then 
determining in the coincidence set up. Both counts were corrected 
to zero absorber. The result was Eg = 0.0464. Using the value Ix = 

0.02 and ly = 0.013 

Pj = 2NsE| (A + Bf) (21a) 

where A = 0.047 and B = 1.004. 

Now the total coimts (extrapolated to zero absorber) in one of the 
Geiger -Mueller tubes is the sum of the counts due to each type of 
radiation 

(Afl)w=o = N, Eg + Nx, Ex + Nc Ec + NhEh + N,E, + Nx.Ex (22) 

From Eqs. 19, 20, and 22 

(A(9)w= 0 = P* = NgEs (Cl + C,f) (23) 

where Cj = 1.74 and Cj = 0.98. 

From Eqs. 21a and 23 


2AEg - C, ^ 

f=_; ^ (24) 

C,-^-2BEg 

Using the observed values, Pj = 11.5 counts per minute and P^ = 3,360 
counts per minute, f = 0.018 or 1.8 per cent conversion. Because of 
the possibility of fairly large errors in the values of Ig and ly, the 
value of f may be considerably in error. 

6. THE DISINTEGRATION SCHEME OF Np”* 

Because most of the measurements have been made by absorption 
methods the results are not very accurate. It seems very likely, 
however, that NiP* decays in the two following ways: 

1. By a soft ^ ray of about 0.2 mev followed by a hard y ray of 
about 1 .2 mev, which is slightly converted. The hard v ray is followed 
by a soft y ray (about 75 kev), which is highly converted. 

2. By a hard |3 ray (about 1.4 mev) which is followed by the same 
highly converted soft y ray. 

The energies of the ^ rays seem to be known with reasonable cer- 
tainty, within 10 per cent for the hard ray and 25 per cent for the 
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soft ray. The effect of back-scattering on the slope of the soft p ray 
absorption curve'’ may have caused the measured value of the maxi- 
mum energy of the soft /3 ray to be too low. The value of the energy 
of the hard y ray is somewhat In doubt owing to the necessity for cal- 
ibrating the apparatus for determining absorption curves. The iden- 
tification of the radiation that passed unbent through a magnetic field 
and largely unabsorbed through beryllium as plutonium x rays seems 
quite reasonable in view of the similarity of the observed absorption 
curve to the ideal constructed curve. 

The energy of the soft y ray should be the sum of the conversion 
electron energies and the energies of the plutonium L -absorption 
edges. If an approximate value of 20 kev is used for the L binding 
energy, the softy -ray energy is about 75 kev. 

The values of the internal conversion coefficientst measured in 
this experiment are considerably larger than would be expected if the 
y rays were either dipole or quadripole radiation. The theoretical 
coefficient for a 1.2-mev line in element 94 is 0,003 for dipole radia- 
tion and 0.008 for quadripole,^’ whereas the measured value is 0.018. 
If this measurement is correct, the radiation may be partially mag- 
netic-dipole (or multipole) since it has been shown that the conversion 
coefficient of magnetic dipole or magnetic multipole radiation is much 
higher than for the electrical case.” However, because of the crude- 
ness of this measurement, the possibility of pure quadripole radiation 
is not excluded. 

The fact that the number of very soft electrons is roughly equal to 
the total number of disintegration |3 rays and the fact that no evidence 
for a 75 -kev y ray was found indicates that the soft y ray was very 
highly converted. According to Fisk’s theoretical calculation,” the 
internal (L -shell) conversion coefficient for this energy at Z = 84 is 
0.5 for dipole radiation. It should not be a great deal different for 
Z = 94. In order to be as high as 0.9 or 1.0, the radiation would have 
to be partially magnetic -dipole or multipole. 

If the conversion is not practically complete, the number of L 
X rays is less than the number of p rays, and the value of the x-ray- 
ionizatlon efficiency in the argon-alcohol counter as calculated from 
the measurements will be greater than 2 per cent. This value is 
higher than the values calculated by Scott,” based upon the photoelec- 
tric absorption in argon, and still higher efficiencies would be even 
more difficult to explain. 


tThe internal conversion coefficient for a particular y ray (often represented by a) 
is C/(C -¥ y), where C = number of conversion electrons and y =■ number of unconverted 
quanta, 
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The evaluation of the relative numbers of electrons of each type 
corresponding to a measured activity could not be made accurately, 
primarily because of the difficulties introduced by back-scattering 
from the quartz sample plates. As discussed in the appendix to this 
paper, the recalculation of the correction for soft 0 rays is based 
upon fragmentary data and unproved assumptions and may be consid- 
erably in error. In addition, since the corrections are rather large, 
errors in the experimental measurement of back-scattering would 
result in a considerable error in this experiment. However, using the 
corrected values, the soft p ray represents 60 per cent of the disin- 
tegrations and the hard ray 40 per cent. 


Table 2 — Relative Counting Rates of the Various Radiations at 
Zero Absorber 


Radiation 

Soft ^ rays 
Hard p rays 

Soft conversion electron 
Hard conversion electron 
X rayst 
Hard r rayst 


Relative no. of counts 

100 

6B 

208 

1.8 

2.7 

1.3 


tThis Is taken from the aluminum absorption 
curve of the sample covered with beryllium. It cor- 
responds to an x-ray -ionization efficiency of 1.6 per 
cent (provided the soft y ray is coincident with both 
rays and is completely converted) . 
t Aluminum (> 500 mg/sq cm) over the Geiger - 
Mueller tube window. 


The zero -absorber (extrapolated) count (from an aluminum absorp- 
tion curve), corrected for back -scattering, corresponds to the com- 
ponents given in Table 2. The number of soft conversion electrons 
seems to be too large by about 25 per cent. This difference may pos- 
sibly be ascribed to experimental error because of the difficulties in 
extrapolating such a soft component to zero absorber and in correct- 
ing for back-scattering. 


7. THE HALF LIFE OF Np"* 

Figure 10 shows a decay curve for Np?^' . The counting rates have 
been corrected for resolution losses and background. The earliest 
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points were counted at a lower geometry (second shell position) and 
corrected to first-shelf geometry by making several determinations 
of the ratio of first -sheU to second -shelf counting rates at later 
times. Averaging results from a number of samples, the half life 
appeared to be 2.10 ± 0.03 days. This value has been used throughout 
the experiment. 

8. THE HALF LIFE OF Pu“'FROM ABSOLUTE COUNTING RATES OF 

Np"' AND Pu**' 

The measured quantities were (1) the |3 activity of samples meas- 
ured at known (calibrated) geometries at known times after the bom- 
bardment, and (2) the growth of a activity in larger samples (of known 
size ratio to the 0 samples). 

The p activity was corrected for (1) extrapolation to zero absorber, 
(2) counts due to the y rays, x rays, and the hard conversion elec- 
trons, (3) back -scattering, (4) geometry of 0 counter, and (5) decay 
since the end of the bombardment. These corrections yield the 
p activity (disintegrations per minute) at the end of the bombardment. 

The extrapolation to zero absorber was made by using the equation 


Aw 12,000 e-o *ww/4.9 + 9^000 e-«>-8Mw/6e.5 + ns 
Aw=o ' 21,118 


where W = mica-window thickness -t- air absorption (mg/sq cm) and 
A = activity. Counts due to the y rays, x rays, and the hard conver- 
sion electrons were corrected for by means of the data in Table 2 . It 
was not necessary to correct for the soft conversion electrons, since 
they were practically completely absorbed in the mica window and air 
above the sample. The back -scattering correction was based upon the 
use of the factor 1.28 derived in the appendix to this paper and used 
in Sec. 2. 

The geometry was calibrated by the use of two secondary UX stand- 
ards, No. 16 and No. 11, loaned by D. W. Engelkemelr. These were 
made of uranium oxide and had been calibrated against a practically 
weightless sample of UX^, precipitated from a known amount of old 
uranium and mounted on very thin mica to reduce back-scattering.”’’* 
Using standard No. 16, the first-shelf geometry was determined to be 
24.7 per cent; from No. 11, it was found to be 24.2 per cent, with an 
average of 24.5 per cent. 
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The growth of a activity in several large samples of the bombarded 
was measured in a fast gas counter,’* whose excellent discrim- 
ination against /3 radiation was required because of the large amount 
of present in each sample. 

Let = Np”"' a activity 

A, = a activity formed since t = 0 (t = 0 at end of bom- 
bardment) 

(A,). = Aj at t = « 

A, = Pu”* a activity formed during the bombardment 
A = measured a activity 
A« = A at t = * 

X = decay constant of Np”® 
t = time since the end of bombardment, then 


A = A, + Aj + A, = A, + A3 + (Aj), (1 - e-^' ) = A« - (A,), (27) 

(A,). (27») 

Since A, A«, and t are measured, (Aj),,, can be determined from the 
growth curve. (A,)^ represents the Pu”* grown from the decay of the 
N[^’® present at the end of the bombardment. 

The relative sizes of the samples used for p measurements and for 
the Pu”® growth measurements were determined by careful aliquoting. 
By use of the values of (A,)^ calculated from equation (27a) and the 
value of Agg, where A^g = measured disintegration rate of Np?’® at 
bombardment end, it is possible to calculate the half life of Pu”® 

(dis/min of Np‘’®)t.Q _ XagNg, . . 

" (dis/min of Pu”®)i=- ~ XggNgg ' 

where Ngg = number of Pu”® atoms grown from the Np^’® present at 
the end of the bombardment, A gg = A of Np^’® and Ag, = A of Pu”® and 
Agg = numerator of Y. 

The previously measured Pu®’® a activity, (A,), of Eq. 27a, was 
corrected for the 2v geometry and the 1.2% a back-scattering by 
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dividing by 0.506.t The values for Y in two different determinations 
were 1.36 xlO* and 1.33 x 10*. 

Since Ns, = N,„ 

= 2.82 X 10* days = 77 years (30a) 

The half life of Pu®®* has been independently determined by two dif- 
ferent methods. One Involved the direct measurement*^ of the decay 
of Pu*®* formed by U“®(d,2n)Np?®*-^Pu”*. Correcting for the Pu”* 
(half life = 2.7 years)*® formed by U“*(d,4n)Np?®“— ^Pu“®, and by 
U®®*(d,n)Np?*“, the half life of Pu®®* was measured as 89 t 9 years. 

An alternate method was the measurement of the growth of Pu®®* 
from a known amount of Cm®*® (half life = 5.0 ± 0.5 months).*® This 
method gave a value of 92 t 2 years for the Pu®®® half life.*®’** These 
experiments indicate that the Pu®®' half life is probably close to ninety 
years. 

K either of these values is correct, then the experimental value for 
Y (Eq. 30) must be too small. It is most likely that the error would 
lie in the value of A,, because of the large number of corrections 
involved in determining the ^ disintegration rate. It is, of course, 
possible that the source of the discrepancy lies in an error in the 
determination of (A,)., but this interpretation is less likely. 


APPENDIX 

BACK -SCATTERING CORRECTION AT ZERO ABSORBER 

The only quantitative data for back-scattering from samples used 
in the standard mica-window Geiger -Mueller tube arrangement has 
been determined® by comparing the first-shelf count of a sample 
mounted on a very thin Zapon film to the count of the same sample 
with back -scattering material behind the film. These data may be 
used to correct for the back-scattering from a particular backing 
material. Because of the change of initial slope of an absorption 


tit Is assumed that the 4.0 per cent back -scattering on platinum applies to a rays 
from Pu”’” as well as for which the back -scattering was measured. The back- 

scattering on quartz is less than on platinum by the ratio 1.027, which Is the value 
determined”” for Am’”\ whose a rays have approximately the same energy as those of 
Pu«>. 
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curve resulting from the back-scattering, the same correction does 
not apply to the zero-absorber extrapolated count. 

The back -scattered radiation is degraded, so that the window-and- 
air absorption is more Important for it than for the primary radiation. 
As pointed out in the papers quoted,”’^" this is probably the explana- 
tion for the apparently lower value for the back-scattering correction 
for a 0.20-mev^ ray as compared to a 1.5-mev $ ray. The degraded 
radiation from a 0.20-mev j3 ray is so soft as to be largely lost in the 
mica window, whereas the back-scattered rays from a 1.5-mev 

ray are still energetic enough to pass through the window with little 
absorption. 

If the initial half thickness for the back-scattered radiation were 
known, however, it would be possible to calculate the zero-absorber 
back-scattering correction from the first -shelf back -scattering cor- 
rection. There is evidence*' that for a 1.2-mev (i ray (RaE) back- 
scattered from infinitely thick aluminum, the half thickness of the 
scattered ^ ray is about one-half that of the primary. It is assumed 
that this same reduction in half thickness applies to mica and that it 
is independent of energy. 

Since the window and air correction, W, was 4.0 mg/sq cm, the 
first-shelf count for the unscattered radiation is 

ApsAoe"*^^ (46) 

where A^ = zero-absorber count for the primary, and Ap = mass ab- 
sorption coefficient for the primary. 

The first-shelf count for the back -scattered ^ rays is 

AB = AJe-^BW (47) 

where Ag = zero-absorber count for the back -scattered radiation, and 
XgS mass absorption coefficient for scattered radiation. The values 
for (Ap -«■ Ag)/Ap are given by Engelkemeir.”'"’ What is required is 
the zero-absorber correction, (Ag + A^ )/Ao- From the assumption 
stated above, Ag = 2Ap, for all energies. Calculating Xp from Eq.4 and 
using the measured back-scattering corrections, the zero-absorber 
back-scattering corrections were calculated and are shown in Table 3. 
If the assumptions made are approximately right, the infinite thick- 
ness back -scattering on mica seems to be about 1.26, approximately 
independent of energy. For lower energies it seems preferable to 
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use this value for the zero -absorber back-scattering correction de- 
spite the tentativeness of the assumptions involved. 

The same correction is used for quartz because of its chemical 
similarity to mica. For a given energy the back -scattering seems to 
vary smoothly and monotonic ally with atomic number, so that the 


Table 3 — Back -scattering Corrections on "Infinite Thickness" 

of Mica 


Maximum ^ 
Nuclear species energy, mev 


Measured 

(Ap + Ajj)/ Ap 


Calculated 
(Ac-f Ai)/Ao 


35-day Cb 

0.15 

1.13 

4.5 -year Pm 

0.20 

1.13 

RaE 

i.n 

1.26 

55-day Sr 

1.5 

1.27 


1.36 

1.26 

1.27 

1.28 


back-scattering from a solid composed of molecules should be a 
function of the amounts of each element present and the back-scatter- 
ing from each element. White mica has the composition 

KjO-SAljOa-eSiO , -21120 or H^K^AljSieOj^ 

Since aluminum and silicon are neighboring elements, for back- 
scattering calculations this composition may be approximated as 
H4K2Si22024. This is sufficiently close in composition to silicon di- 
oxide (quartz) since the larger back-scattering from the small frac- 
tion of potassium is sufficiently compensated for by the smaller back- 
scattering from hydrogen. 


SUMMARY 

The radiations and decay scheme of Np®®“ were investigated by ab- 
sorption methods and coincidence measurements. The suggested 
decay scheme includes two modes of decay: (1) 60 per cent through a 
0.2 -mev f] ray, followed by a 1.2 -mev y ray (1.8 per cent converted), 
followed by a 75-kev y ray almost completely converted in theL shell 
(2) 40 per cent through a 1.4-mev p ray, followed by the same 75-kev 
y ray, also converted in the same fashion. X rays were found with 
absorption coefficients consistent with the assumption that they were 
Pu‘‘* L X rays. Assuming the decay scheme described, the counting 
efficiency of the Pu x rays (14 to 21 kev) averages around 2 per cent 
in an argon-alcohol mica-window Geiger -Mueller tube. 
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The Np^' half life was found to be 2.10 ± 0.03 days. From the ratio 
of Np?®“ activity to the measured growth of Ptf” a activity, the Ptf” 
half life was found to be 77 years. 

A back-scattering correction for the zero-absorber (extrapolated) 
count was evaluated from experimental back-scattering data. It is 
suggested that the fraction of zero -absorber infinite back -scattering 
of ^ rays from a particular substance Is independent of the maximum 
p energy of the ^ emitter. 
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Paper 14.5 


AN INVESTIGATION OF THE INTERNAL -CONVERSION LINE 
SPECTRUM OF NEPTUNIUM 239t 

By H. W. Fulbright 


1. INTRODUCTION 

Element 93, now called neptunium, was discovered by McMillan* 
in 1939 and identified by McMillan and Abelson* in 1940. It was pre- 
pared by exposing uranium to slow neutrons. It decays by 0-particle 
emission to form plutonium. 


„U*« + n 


11239 

24 mm 


bNp“' 


r,y 

2.3 day 


hPu“ 


Several investigations of the radiation from Np^’* have been made. 
In 1940, Helmholtz,^ using a magnetic spectrograph, found four 
Internal -conversion lines corresponding to the K- and L-level con- 
version (in plutonium atoms) of y rays of energies 220 and 270 kev. 
In England Feather’ made some absorption measurements which gave 
evidence that K and L x radiation of plutonium was emitted in the. 
course of the decay of Np”'. In addition, he reported that the 0 -ray 
spectrum was complex and estimated that three 0 transitions were 
involved with energy limits of about 630, 400, and 140 kev. He re- 
ported about 0.6 photoelectron per disintegration. In 1943 Mitchell, 
Langer, and Brown,* using absorption and coincidence methods, found 
evidence for a 0.4-mev y ray of low intensity. They found about 0.7 
Internal -conversion electron per disintegration. 


tContributlon from the Department of Physics, Washington University, St. Louis. 
This work was originally reported in Metallurgical Project Report CP-1727 (May 
24, 1944). The present chapter Is based on the original data, which have been studied 
carefully and reworked to yield a more satisfactory interpretation than that originally 
given. 


toil 
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This was the state of affairs in December 1943 when the work re- 
ported here was begun. The hope was that a study of the internal- 
conversion lines might lead to the establishment of an energy-level 
scheme for the Pu”” nucleus. Knowledge of such a scheme of levels 
might prove useful in studying the inelastic scattering of fast neutrons 
by plutonium. Because of the complexity of the spectrum, it turned 
out to be impossible to establish a definite energy-level diagram 
on the basis of the conversion-line work, A tentative energy-level 
scheme is proposed below, but a careful study of the continuous 
spectrum is required to help establish the scheme completely. A 
magnetic /3-ray spectrograph having a uniform field of large extent 
and using semicircular focusing and direct-photographic recording 
was built for use in this investigation. A magnetic-field regulator of 
a new type, which automatically kept the magnetic induction inside the 
spectrograph at a constant value, proved very useful. 

A description of the spectrograph, experimental methods, and re- 
sults is given in the following sections. 

2. THE SPECTROGRAPH 

The semicircular -focusing spectrograph with photographic record- 
ing has several advantages over other standard spectrometers when 
used to study conversion-line spectra. 

1. No empirical energy calibration of the machine is required. 
Energies corresponding to the various lines can be calculated directly 
from the measured value of the magnetic induction B, the measured 
dimensions of the spectrograph, and the measured position of the line 
on the film. 

2. The film records simultaneously electrons of a wide range of 
energies and provides a permanent record of the results. 

3. The resolving power of the instrument can be made very great. 

However, this spectrograph has several disadvantages. 

1. Accurate values for the absolute intensities of the various lines 
cannot be obtained because of the variation in sensitivity of the film 
with the energy of the incident electrons. 

2. It is often difficult to prepare a line source with negligible self- 
absorption. 

3. The difficulty of obtaining and maintaining a large uniform mag- 
netic field must be overcome. 

Only the first of these disadvantages proved serious. 

A large electromagnet, which had previously been ordered by Prof. 
Jauncey and used by Baltzer’ in an investigation of the radium E /3 
spectrum, was already available in the laboratory. It was of the con- 
ventional "closed shell” type with 16 -in. -diameter pole faces spaced 
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4 in. apart. It was mounted on two concrete pedestals so that the pole 
faces lay in vertical planes. This orientation had particular advan- 
tages that will be pointed out later. A preliminary survey of the field 
of the magnet showed that its core had considerable hysteresis so it 
was not possible to use the current through the field coils as a meas- 
ure of the magnetic induction between the poles. 

It was decided to construct a field controller that would hold the 
magnetic induction at a constant value. Several schemes were con- 
sidered, including a rotating coil system with two coils on the same 
shaft, one in the magnetic gap of the spectrograph, the other in the 
field of a “standard” permanent magnet. The differences between the 
electromotive forces developed in the two coils could be amplified 
and used to regulate the field current of the magnet. This idea was 
discarded because of obvious mechanical difficulties arising from 
vibration and the use of slip rings and brushes. The Wynn-Williams 
controller* using a Grassot fluxmeter linked with the magnetic circuit 
was not employed because a somewhat more flexible apparatus sug- 
gested itself. 

The scheme finally chosen is shown in Figs. 1 to 3. The sensitive 
element (Fig. 1) consists of two coils and Cj mounted at the ends 
of a long galvanometer -type movement, which is supported at the top 
by a phosphor-bronze wire and held tight at the lower end by another 
similar wire. Connections to the coils are made through thin gold 
foils. The plane of the top coil lies in the direction of the spectro- 
graph field; the plane of the bottom coil lies in the direction of a fixed 
standard magnetic field supplied by a well-aged permanent magnet. 
The vacuum chamber of the spectrograph has a reentrant wall to ac- 
commodate the top coll. A small direct current is passed through 
each coil in such a way that the torques exerted on the movement by 
the magnetic forces acting on Cj and C, are in mutual opposition. For 
any ratio of currents in the two coils there is one and only one value 
of magnetic induction B for which the suspension is in equilibrium at 
its null position. Thus adjustment of the field current I so as to keep 
the suspension in equilibrium at its null position keeps the magnetic- 
field strength constant. This adjustment is accomplished by the use 
of an electronic amplifier controlled through a photocell by a beam of 
light reflected from a mirror mounted on the galvanometer movement. 

The optical system is shown in Fig. 2. It consists of a light source, 
slit, lens, galvanometer mirror, and a double photocell. An image of 
the slit is focused midway across the double photocell when the gal- 
vanometer is in the null position. A deflection of the galvanometer 
swings the image of the slit to one side or the other and unbalances 
the currents flowing through the two halves of the photocell. Stops 
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SPECTROGRAPH 
VACUUM CHAMBER 


RE-ENTRANT CHAMBER 
FOR UPPER COIL 


FIXED SUPPORT FOR 
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UPPER COIL LEAD WIRES 
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Fig. 1 — Sensitive element of field controller. 
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are provided so that the movement cannot rotate far enough to swing 
the light spot entirely off either photocell. When the galvanometer is 
deflected, for example by a change in the d-c potential of the magnet 
power supply, the unbalanced current from the photocells, amplified 
many times, is impressed on the field current in the proper sense to 



INCHES 

Fig. 2 — Optical system for use with field controller. 


restore the galvanometer to null position. If one of the field -cur rent 
conditions is changing constantly (e.g., the battery voltage is fluctu- 
ating), the galvanometer hunts back and forth continuously around 
the null position. In actual operation changes in the circuit conditions 
are slo>v and are generally monotonic functions of time. Because of 
this and because of statistical variations in conditions, the controller 
hunts over only an extremely small hysteresis loop. For practical 
purposes it may be said that the controller does not hunt once equi- 
librium is established. 

Because of the possibility that the hunting might break into a vio- 
lent oscillation, a certain amount of degenerative coupling between 
the magnet field-current circuit and galvanometer movement was 
provided. A coil C3 was wound along with Cj on the lower end of the 
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Fig. 3 — Schematic diagram for controller circuit. 
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movement so that damping currents could be applied to suppress me- 
chanical oscillations. These currents were obtained from inductive 
coupling of C, with the field-current circuit through a transformer 
(see Fig. 3) . A potentiometer P, provided to alter the magnitude of 
the feedback, proved very useful. Disconnecting C, when the control- 
ler is in operation leads to violent oscillations which disappear rather 
quickly when C, is reconnected and the setting of P is advanced. 

A schematic diagram of the controller circuits is shown in Fig. 3. 
The 2 A3 current amplifier stage carries a fraction of the field cur- 
rent. The rest is carried by the heavy-duty laboratory -type resistor 
R. Four 2A3-type tubes are normally used, and these can handle 
600 ma without running too hot. Normally, the resistor R is adjusted 
so that the tubes carry 100 to 200 ma, since the current through them 
usually increases with time as the battery potential falls. The storage 
cells used are permanent laboratory batteries in the battery room. 

Current for coils Cj and Cj is supplied by a 1.5 -volt dry cell. If the 
current through the coils is great enough (1 ma) operation is not af- 
fected by slight current variations, since the ratio of currents in C, 
and Cj controls the field strength. This is an important point because 
it permits a simple unregulated source of current to be used in 
and Cj. 

2.1 Operation . The response of the controller to changes in oper- 
ating conditions is fairly rapid, approximately 1 sec being required 
for complete readjustment of the field current to offset the effect of 
shorting out 10 per cent of the field coils. This rapid response is due 
to the fact that the torques operating on the movement are large com- 
pared with restoring torque of the suspension and the fact that the 
movement has a relatively small moment of rotational inertia. 

Within the range of currents that can be passed by the 2A3 tubes 
the controller works very well. Many tests have been made to show 
its effectiveness. Shorting out of 25 to 50 per cent of the field winding 
leads to a change of less than 0.2 per cent in the field strength meas- 
ured with a flip coil. Currents passed through auxiliary turns wr^ped 
around the yoke of the magnet are normally unable to alter the steady- 
state value of B by a measurable amount. 

The introduction of a thin razor blade into the top of the magnetic 
gap causes a visible change in the current flowing through the regu- 
lator tubes. This is an interesting effect since the reluctance of the 
gap as a whole is only slightly changed by the insertion of the blade 
and since the controller coil Cj is 14 in. away across the diameter of 
the poles. 

The variation in the field current with the condition of the iron core 
is also striking. With a certain ratio of currents in C, and C^, a field 
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Strength was obtained corresponding to a field current of 0.40 amp. 
By adjustment of R (Fig. 3) the field current was deliberately raised 
to 1.5 amp and then lowered so that the controller was once more 
effective. The field strength was found to be unchanged as a net result 
of the violence done on the magnet, but the current had fallen to 0.37 
amp. The current was then cut to zero and reapplied. This time the 
field was again found to have precisely the same strength, but the 
current had risen to 0.42 amp. This test shows clearly the value of 
the controller in overcoming hysteresis difficulties. 

For spectrographic use (with film) the controller can be set to 
maintain B at any one of five values covering the energy range from 
20 kev to 10 mev. To change B a plug is shifted from one position to 
another; this shift changes shunt resistances, thereby altering the 
ratio of currents in and C,. The "fixed” current through R is then 
adjusted so that the controller current is initially about 100 ma. Gen- 
erally, these are the only changes required. It may be necessary to 
adjust the degeneration control P, although this is unusual since the 
setting of P is not critical over a wide range beyond the minimum 
position at which oscillation of the galvanometer movement ceases. 

The controller has been used successfully in making exposures of 
more than 24 hr in length. The sharpness of the conversion lines 
obtained in these cases indicates that the average variations in the 
magnetic -field strength were less than 0.1 per cent. 

2.2 The Vacuum System . The vacuum system consists of a round 
chamber supported between the poles of the magnet, a 3 -in. oil- 
diffusion pump, a manifold, and a Cenco Megavac fore pump. 

The vacuum chamber was made from a thick brass strip 

rolled into a ring. The various smaller brass bosses, etc. were 
silver -soldered together and then machined (see Fig. 4). Two 16-in, 
diameter by %-in. thick steel lids were placed in the ring and sealed 
to it with rubber gaskets. The plates pressed against brass spacer 
blocks which in turn pressed against the poles of the magnet, so that 
the lids were accurately parallel. The lids were carefully machined 
to have uniform thickness within 0.001 in. The top of the chamber had 
a iVt- by 12-in. rectangular hole into which either spectrograph or 
spectrometer could be inserted. A smooth surface was provided so 
that H in. -diameter rubber gaskets set into grooves in the lids of the 
unit could easily seal the system. Atmospheric force is more than 
adequate to make the seal airtight. This makes film changing rela- 
tively easy. 

The vertical position of the magnetic gap allowed for the simple 
quick-sealing feature of the chamber as well as for the new t3rpe field 
stabilizer. No disadvantage inherent in the magnet orientation has 
been found. 
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The entire vacuum system was metal and rubber except for the 
Western Electric manometer tube (D79510), which Is sealed on with 
wax. An electronic emission-current control and ion-current ampli- 
fier were provided for the operation of this tube. 

Valves were provided to permit the vacuum chamber to be "roughed 
down" with the fore pump after film changes were made; the oil pump 
could thus be kept hot all the time. 

2.3 The Spectrograph Unit . The spectrograph unit is shown in 
Fig. 4. The electrons are kept from striking the steel cover plates of 
the chamber by two Vis-in. aluminum plates that also serve as sup- 
ports for the rest of the unit. Preliminary experiments showed that 
the use of the aluminum channel walls was of advantage in reducing 
scattering and secondary effects, although a much wider channel 
would be available if the iron lids were left exposed. Heavy aluminum 
slit jaws are provided. In line-spectrum investigations samples are 
mounted on fibers or wires supported by thin aluminum brackets and 
held well away from metal surfaces (except at the ends, of course) 
to minimize back-scattering. For continuous spectrum work a light- 
weight film-source support would be required to reduce back-scat- 
tering. A section of one Via-in. support plate is removable so that 
samples can be changed easily (see Fig. 4) . 

The film holder clamps the film securely. It slides into position in 
the spectrograph and is clipped there tightly. A small brass point in 
the holder makes a fiducial mark on the film. 

3. FIELD MEASUREMENTS 

The accuracy of the energy values obtained with the spectrograph 
depends upon the precision with which the magnetic induction B can 
be determined, since energy calculations depend only upon Bp values, 
and since p (radius of curvature) can be determined with high pre- 
cision. 

A flip coil was wound in a helical groove machined in a hard rubber 
form. An integral number of turns was used. The diameter of the coil 
was about 3 in. and was measured to 0.001 in. Leads were brought out 
and twisted together to avoid stray linkage with the field. 

The flip coil was mounted on the end of a rigid copper tube, which 
was mounted on bearings supported by the vacuum chamber so that 
the coil could swing from the center of the magnetic gap to a point 
where the stray magnetic field was substantially zero. All parts were 
of wood, brass, and other nonmagnetic material. The coil was con- 
nected to a ballistic galvanometer and swung out of the magnetic field 
to determine how fast the withdrawal must be to ensure a truly bal- 
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llstlc deflection. A wide latitude was found. Withdrawal times up to 
1.5 sec gave the same deflection. 

The standard solenoid used was carefully surveyed, and its con- 
stants were determined accurately by measurement of its geometry. 
A new secondary was wound beside the old to verify the number of 
turns in the old secondary coil. The current standard used was a 
Sensitive Research Instrument Corporation model C millivoltmeter 
with universal shunt. The accuracy of this meter is said to be better 
than 0.25 per cent. 



Fie. 5 — Circuit for field -strength measurements. 


The circuit used in making the field measurements is shown in 
Fig. 5. The resistor r was adjusted for each determination so that 
the galvanometer deflection was nearly full-scale. The experimental 
procedure consisted of duplicating, by reversal of the current in the 
primary of the standard solenoid, the ballistic deflections obtained 
by withdrawing the search coil from the center of the magnetic gap. 
The current required to duplicate the deflection was then used to cal- 
culate B by the usual method. 

Swinging the search coil radially within the field caused small de- 
flections of the ballistic galvanometer. From this the radial depar- 
ture of the field strength from a constant value over the working part 
of the field was estimated to be less than 0.3 per cent. 


4. CALIBRATION MEASUREMENT OF RaB CONVERSION-LINE ENERGIES 

Since the energies of the many RaB conversion lines have been 
established rather accurately by Ellis^ and his coworkers, their val- 
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ues were used to check the accuracy of this calibration. A glass 
ampule containing 15 millicuries of radon gas was placed inside a 
special glass system and broken. The gas was then pumped Into a 
small chamber by means of a Toeppler pump and the RaA plated onto 
a thin aluminum sample support maintained at a potential of -90 volts. 
Plating is possible under these conditions because the RaA is ionized 
when formed. The reactions are as follows: 


Rn 


3.B2 day 


RaA 


3.05 min 


RaB 


26. B min 


RaC 


10. 7 min 


RaD 


Table 1 shows the result obtained from these measurements. The 
agreement is better than expected considering the limits of accuracy 
of our field measurements. Ellis estimates that his limits of error 
in absolute energy values are 0.2 per cent. 


Table 1 — Bp Values for Some RaB Lines 


Ellis’ values 
(RaB only) 

Our values 

Difference between 
two values, % 

658 

658 

0 

763 

763 

0 

707 

785 

-0.25 

1400 

1400 

0 

1666 

1666 

0 

1762 

1766 

^ 0,25 

1925 

1926 

+0.05 

2002 

2003 

+0.05 


5. EXPERIMENTAL WORK ON Np=» 

The first two neptunium samples examined with the new /3 -ray 
spectrograph were supplied by Dr. G. T. Seaborg. These samples 
contained several milligrams of lanthanum fluoride carrier. Spectro- 
grams made using these samples showed several conversion lines 
having sharp upper energy edges and broad smears on the lower 
energy side (see Figs. 6a and b). The smearing out was, of course, 
caused by the loss of energy of electrons passing through the rela- 
tively thick source. A proper measurement of the positions of these 
lines was impossible. Furthermore, lines of low Intensity that might 
be present would tend to be lost in the large background of the con- 
tinuous spectrum and the smeared-out lines of higher intensity. 
Moreover, two or more lines lying close to each other could not be 
distinguished from each other under these conditions. 
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An estimate of the upper energy limit of the spectrum was made, 
and the electron energies corresponding to six lines were determined. 
The upper energy limit of the continuous |3 spectrum was set at about 
0.70 mev. The six lines were found to correspond to the K, L, and M 
conversion of two y rays emitted by the excited 94*^* nucleus following 
its formation. Values for the K, L, and M binding energies of pluto- 
nium were obtained by extrapolation of the experimental values for 
the heavy elements given in Compton and Allison.* The two y rays 
were found by Helmholtz . Our values were 230 and 260 kev where his 
were 220 and 270 kev. 

To get a rough check on the upper energy limit, a simple absorp- 
tion measurement was made on the spectrum using aluminum ab- 
sorbers. Results indicate that the upper limit corresponds to 240 
mg/sq cm. The upper energy limit was then calculated by use of 
the Widdowson and Champion* equation for the range of (3 rays in 
absorbers 


R = 0.536 Em - 0.165 

where R is the range in grams per square centimeter, and Em = the 
maximum energy of /3 particles in million electron volts. The value 
0.68 mev is found to be in good agreement with the spectrographlc 
results of 0.70 mev. 

6. RESULTS OBTAINED USING ELECTROPLATED SAMPLES 

Because of the difficulties encwntered when crystalline sources 
were used, it was decided to try to prepare an essentially carrier- 
free electroplated source. Samples of uranyl nitrate were e3q)osed to 
neutrons from the Washington University cyclotron for a period of 
about two days. A carrier -free sample of neptunium in solution was 
then prepared by a process making use of the discovery of McMillan 
and Abelson that neptunium if oxidized to a higher valence state does 
not precipitate as a fluoride along with the rare earths. A portion of 
the sample was then deposited electrolytlcally on a fine platinum 
wire, which was placed in the spectrograph. 

The first film exposed with a carrier-free sample showed that a 
striking improvement had been achieved. The result is shown in 
Fig. 6c. The result obtained previously in the same energy range with 
a crystalline sample is shown in Fig. 6b. Several closely spaced lines 
that appear only as weak blurs in Fig. 6b are clearly resolved in 
Fig. 6c, 
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Fig. 6 — 3-ray spectrograms of Np*’*. (a) First neptunium film; crystalline source, (b) Stronger neptunium; 

less carrier; crystalline source, (c) First film made with plated neptunium sample. All made with approxi- 
mately the same field strength. 
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Table 2 — Neptunium 239 Conversion- line Spectrum 


Line 

Relative Intensity, 

Measured Bp, 

Corrected Bp, 

Electron t 

No. 

visual estimate 

gauss -cm 

gauss-cm 

energy, kev 

1 

1 

492.19 

496.9 

21.28 

2 

1 

505.81 

510.7 

22.45 

3 

1-1 

547.14 

552.2 

26.15 

4 

2-m 

554.18 

559.3 

26.82 

5 

3-n 

596.93 

602.4 

30.98 

6 

6 

632.15 

637.8 

34.61 

7 

2 

673.2 


38.42 

8 

7 

677.4 


38.80 

9 

1 

711.9 


42.80 

10 

2 

715.4 


43.20 

11 

2 

718.8 


43.59 

12 

2 

725.7 


44.40 

13 

5 

731.9 


45.13 

14 

1 

752.0 


47.54 

15 

1 

761.6 


48.70 

16 

5 

766.5 


49.30 

17 

5 

782.3 


51.27 

18 

5 

789.9 


52.22 

19 

3 

614.B 


55.40 

20 

2 

823.8 


56.57 

21 

1 

845.9 


59.49 

22 

3 

863.1 


61.79 

23 

3 

870.0 


62.73 

24 

2 

893.5 


65.97 

25 

1 

901.1 


67.03 

26 

3 

1,006.1 


82.40 

27 

3 

1,011,6 


63.24 

28 

8 

1,037.8 


87.29 

29 

2 

1,115.2 


99.68 

30 

1 

1,122.8 


100.93 

31 

2 

1,140.7 


103.9 

32 

10 

1,151.1 


105.6 

33 

9 

1,425.2 


155.1 

34 

3 

1,561.2 


186.1 

35 

1 

1,664.8 


203.3 

36 

7 

1,671.0 


204.6 

37 

1 

1,675.2 


205.5 

38 

3 

1,751.8 


221.8 

39 

1 

1,773.2 


226.4 

40 

6 

1,900.3 


254.3 

41 

2 

1,076.2 


271.4 

42 

1 

1,996.2 


276.0 


tThe physical constants used In the calculation of the electron energies are: 

e = 4.6024 x lO'*® e.s.u. 
m, = 9.1055 X 10“* g 
c = 2.9978 X 10“ cm/sec 
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The spectrum of Np^* was examined In the energy range from 20 
kev to about 6 mev using carrier -free samples. No darkening of the 
film was observed above about 0.70 mev, the limit found for the con- 
tinuous spectrum. Altogether, 42 lines were found. These all appear 
on two films (Figs. 7a and b). The remarkable check with the results 
of Ellis on RaB was obtained at the magnetic field strength used in 
Fig. 7b, so the Bp values found there are taken as standard. The Bp 
values of the lines in film Fig. 7a are corrected upward so that thir- 
teen lines in the overlapping portions of Figs. 7a and b have the best 
fit. The correction factor applied to the various lines showed a sys- 
tematic variation with p, the radius of curvature, so that in general 
the correction factors used were different for different lines. They 
ranged from 1.0088 for line 6 to 1.0096 for lines 1 and 2. Table 2 
gives a summary of the data on the 42 lines. t 

Table 3 shows a summary of what now appear to be the best assign- 
ments of conversion lines to levels of conversion, along with the cor- 
responding v -ray energies. The 49. 1-, 61. 2-, 67.4-, 106. 5-, 209.3-, 
227.8-, and 277.4-kev y rays seem well established. There is an ele- 
ment of speculation in the deduction that y rays of energies 22.86 and 
57.3 kev are also emitted, but even there the assignments are not 
unreasonable. 

In preparing the data in Table 3 it was necessary to use values for 
the binding energy of electrons in the various electronic shells of the 
plutonium atom. These were not directly available from x-ray work, 
but were obtained by extrapolation of x-ray data given by Compton 
and Allison” and bySiegbahn.^” To facilitate the extrapolation, Moseley 
diagrams were made for each level. The values finally chosen are 
given below in Table 4. The value of 122.2 kev for the K shell is 
somewhat higher than the 120.7-kev extrapolated value, but there was 
some fluctuation evident about the Moseley line in the cases of the 
points representing K binding energies of lighter elements; this value 
was therefore chosen for best agreement with the other conversion- 
line data when y-ray energies were calculated. 

Level Diagram . The energy-level diagram. Fig. 8, is based on the 
gamma-ray energies given in Table 3. It must be regarded as tenta- 
tive. Careful work on the continuous spectrum will probably be re- 
quired to find the correct diagram. The recent work of Slatis^^ on the 
continuous 0 spectrum does not fit in with this level scheme because 
of the 1.179-mev /3-ray limit that he found. 


tin all, about fifteen spectrograms were made. Bp values were reproducible within 
one part in fifteen hundred. 
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Table 3 — Gamma- ray Energies 


Line 

Relative Intensity^ 

Level of 

Calculated 

No. 

visual estimate 

conversion 

hy, kevt 

1 

1 

N, 

22.85 

2 

1 

o, 

22.86 

22.86 (av 

3 

1 

Li 

49.21 

4 

2- 

Lii 

49.01 

5 

3- 

Liii 

49.10 

10 

2 

M, 

49.15 

11 

2 

M„ 

49.18 

12t 

2 

Min 

48.08 

13t 

5 

Miv 

49.10 

14 

1 

Ni 

49.11 

15 

1 

Oi 

49.11 

49.12 (av. 

6 

6 

Li 

57.67 

17 

5 

M, 

57.22 

18 

5 

Mm 

56.80 

57.34 (av. 

7 

2 

Li 

61.48 

B 

7 

Ln 

61.08 

9 

1 

Liii? 

60.92 

19 

3 

Ml 

61.35 

20 

2 

Mm 

61.15 

21 

1 

Ni 

61.06 

61.16 (av. 

12t 

2 

Li 

67.40 

13t 

5 

Lii 

67.32 

16 

5 

Lm 

67.42 

22 

3 

Mi 

67.74 

23 

3 

Mm 

67.28 

24 

2 

Ni 

67.54 

25 

1 

Oi 

67.43 

67.45 (av. 

26 

3 

Li 

105.46 

27 

3 

Lii 

105.43 

28 

8 

Lm 

105.41 

29 

2 

Ml 

105.63 

30 

1 

Mm 

105.51 

31 

2 

N, 

105.47 


105.48 (av.) 
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Table 3 — (Continued) 


Line 

Relative Intensity, 

Level of 

Calculated 

No. 

visual estimate 

conversion 

hv, kevt 

28 

8 

K 

209.49 

34 

3 

Li 

209.16 

35 

1 

Ml 

209.25 

37 

1 

Mv 

209.26 

209.29 (av.) 

32 

10 

K 

227.80 

36 

7 

L, 

227.66 

36 

3 

Ml 

227.75 

39 

1 

N, 

227.97 

227.80 (av.) 

33 

9 

K 

277.30 

40 

6 

L, 

277.36 

41 

2 

M, 

277.35 

42 

1 

N, 

277.57 

277.40 (av.) 


tEach of these lines appears twice in the table. Because of 
a coincidence of energies, it Is not possible to distinguish be- 
tween the alternate assignments. It seems probable that many 
of the electrons forming line 13 are from the 67,45-kevr ray 
converted in the Ln shell. 

tFlfth place digits given here are not significant. 


Table 4 — Assumed Electronic Binding Energies in Plutonium 


Level 

Energy, 

K 

122.20 

L| 

23.06 

Lii 

22.19 

Liii 

18.12 

M, 

5.05 

M„ 

5.59 

M,„ 

4.58 

M|v 

3.97 

Mv 

3.76 

Nl 

1.57 

o, 

0.41 
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395.5 KEV 


57.3 



330.2 

314.9 

277.4 


227.0 

209.3 


0 


Fig. 8 — Tentative energy-level diagram for the nucleus. The 314.9 level could 

equally well have been put at 232.2, since the 105.5 > ray may be emitted before the 
22.9 y ray. The 227.6 level could equally well have been put at 49.1. 
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Paper 15.1 


CHEMISTRY OF NEPTUNIUM. THE OXIDATION STATES OF 
NEPTUNIUM IN AQUEOUS SOLUTIONt 

By J. C. Hindman, L. B. Magnusson, and T. J. LaChapelle 


Up to the time of the present work, satisfactory identification of the 
oxidation states of neptunium stable in solution had not been obtained, 
although the first Investigation at trace concentration by McMillan 
and Abelson.^ the discoverers of element 93, had led these authors to 
the conclusion that there were tetrapositive and hexapositlve states in 
solution in close analogy to uranium. The definite chemical evidence 
for the existence of at least one reduced and one oxidized state of the 
element led Seaborg and Wahl^ to postulate the lower state as -t-S or 
+4 and the upper state as +7 or less. Numerous e:q)erlments^'‘ at 
trace concentrations of neptunium were interpreted as evidence for 
the existence in solution of neptunium (m), although it appears that 
this interpretation was not correct since later experiments show 
that neptunium(III) could not exist under the described conditions. 
Duffield and Gofman* and Connick, King, and Beaufait,^ as a result 
of numerous tracer experiments, proposed that there were three oxi- 
dation states of neptunium that were stable in solution. However, 
Magnusson* showed that these investigators had not obtained experi- 
mental evidence for more than two oxidation states. The first con- 
clusive establishment of two oxidation states of neptunium was the 
preparation of microgram quantities of the solid compounds neptu- 
nium dioxide, NpO^ (see reference 9), and sodium neptunyl acetate, 
NaNp(^(OOCCH,), (see reference 10). 

It has been suggested that the elements 89 to 103 may be members 
of an actinide or thoride series in which progressive filling of the 5f 


tContributlon from the Chemistry Division of the Metallurgical Laboratory, Uni 
versity of Chicago, now the Argonne National Laboratory, 

Based on Metallurgical Project Report CN-2T67 (Mar. 27, 1945). 
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shell occurs. Consideration of neptunium as a member of Ws 
series led Seaborg to predict that neptunium would have a trlposlUve 
state Intermediate In stability between the trlposltlve states of urani- 
um and plutonium. As a member of this series neptunium might also 
exhibit the oxidation number +5. Trace-concentration experiments by 
Sleight, Hein, Wright, and Voigt‘S suggested the existence In solution 
of neptunium (V). 

The recent Isolation and purification of several milligrams of Np^'' 
In this laboratory made possible a more extensive and less tentative 
Investigation of the chemistry of the element. 

The initial objective of the work with pure neptunium was the Iden- 
tification of the oxidation states stable in solution. By analogy with 
uranium and plutonium It was expected that the various oxidation 
states of neptunium would possess highly characteristic absorption 
spectra in solution. One oxidation state of neptunium in solution was 
identified as a result of x-ray diffraction analysis by Zachariasen',the 
absorption spectrum characteristic of this state in solution was de- 
termined. Then, by stoichiometric addition of reducing agents, the 
oxidation numbers of other states as identified by their absorption 
spectra were obtained. A cross check was provided by stoichiometric 
addition of oxidizing agents to the lower oxidation state of neptunium. 
In this way it has been possible to demonstrate the existence of the 
tetra-, penta-, and hexaposltive oxidation states of neptunium in solu- 
tions of perchloric, hydrochloric, and sulfuric acid. Watters** showed 
by polarographic studies that neptunium (HI) could exist in aqueous 
solutions. More recently the authors'* have prepared neptunium (HI) 
In good yield and have described the properties of this state. 

Experimental . The Np^” used In this work was separated from 
Pu>** by selective oxidation of the neptunium with bromate and pre- 
cipitation of the plutonium with lanthanum fluoride. The pure Np**^ 
finally obtained contained less than 0.015 per cent Pu*** by weight, as 
determined from the ratio of a activities of the two isotopes and their 
known specific activities. 

The first preparation for spectrophotometrlc examination was made 
by heating 1.16 mg of dry, olive-green neptunium hydroxide [later 
identified as neptunium (TV) hydroxide] in 52 microliters of 9.40M 
HCIO^. After several hours of heating in a water bath, dilution with 
water produced a clear, pale-green solution, l.OM In HC10«. The 
spectrum of this solution was marked by three sharp, strong absorp- 
tion bands at 723, 964, and 984 mp. Further details of this and other 
spectra are given in a subsequent paper. 

An excess of argentic oxide was added to the green solution, which 
turned nearly colorless with a faint pink cast The strong, sharp ab- 
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sorption bands associated with the initial spectrum had disappeared. 
A dark-brown "hydroxide" was thrown out of the solution by adding a 
slight excess of ammonta. The hydroxide was redissolved by warming 
in lOM HCl. and then diluted to 0.5 ml to give a yellow-green solution. 
The spectrum was very similar to that of the perchloric acid solution 
alter the argentic oxidation. This was taken as evidence that the same 
oxidation state existed in both solutions. 

An attempt to produce lower oxidation states was carried out by 
adding small aliquots of tin(II) to the oxidized neptunium chloride so- 
lution. It was found that addition of stannous chloride produced a 
steady increase in the extinction of the 984-m/i band until the amount 
of stannous chloride added was roughly equivalent to 0.5 mole per 
mole of neptunium. Further addition of stannous chloride produced 
only a slight reduction in peak height. A more precise duplication of 
this titration is illustrated in Fig. 1. An interesting phenomenon ob- 
served in the titration was the small growth of the 723-m/i peak ob- 
served in the original solution. The peak disappeared rather quickly. 

A neptunium fluoride precipitate (tentatively identified as KNpFj 
or KgNpFg) was made from the above solution by saturating with sul- 
fur dioxide and adding potassium fluoride to IM and hydrofluoric acid 
to 4M. This green precipitate was fumed to dryness with sulfuric 
acid, yielding bright-green crystals. An absorption spectrum of the 
crystals dissolved in 0.5M HjSOg showed two prominent peaks at 727 
and 971 m/i, analogous to the peaks at 723 and 964 mp observed in 
the original neptunium solution in perchloric acid. 

Oxidation of the neptunium sulfate solution was carried out by add- 
ing aliquots of 0.069M Ce(IV). A peak at 984 mp, corresponding to 
the peak produced by reduction of an oxidized solution with tin(n), 
reached its maximum height when the mole ratio of adding cerium(IV) 
to neptunium was approximately 1. Further addition of cerium(IV) 
reduced the peak to zero optical density when 1 equivalent additional 
of Ce(IV) had been added (see Fig. 2). The spectrum of the latter so- 
lution was similar to that of the oxidized perchloric and hydrochloric 
acid solutions. 

To determine the oxidation number of one of the oxidation states, a 
6-microliter sample (10 pg of neptunium) was removed from the 
ceric oxidized solution and precipitated in a capillary by making the 
solution 4M in Na~ and 2M in CH,COO~. An x-ray diffractiofi pattern 
of the precipitate was found by Dr. Zacharlasen to be identical with 
that of the salt he had previously identified^** as sodium neptunyl ace- 
tate, NaNp02(00CCH,),. On the basis of this evidence it was con- 
cluded that the highest oxidation state obtained was hexapositive. 
Data on the stoichiometric reduction of neptunium(VI) in 0.5M HgSOg 
by ferrous ion are given in Fig. 3. 
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Dtscusston . Differences In absorption spectra have led to the Iden- 
tification of three oxidation states of neptunium in aqueous solution. 
The lowest state obtained in this research is characterized by two 
strong, sharp absorption bands at 723 and 964 mju in chloride or 



EQUIVALENTS OF Sn (H) ADDED 


Fig. 1 — Titration of neptunium (VI) with tin(n). . 


perchlorate solution. These bands are shifted to 727 and 971 mfi in 
0. 5M HgSO^ solution. The next higher oxidation state, which differs 
in oxidation number by 1 unit from both the lowest state and highest 
state obtained, as determined by stepwise spectrophotometric titra- 
tion with oxidizing or reducing agents, has a spectrum characterized 
by a strong, sharp band at 964 mp in perchlorate, chloride, or sulfate 
solutions. Isolation of the salt NaNp02(OOCCH3)3 from the solution of 
highest oxidation number has been used to identify this state as the 
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hexapositlve state. On this basis the oxidation numbers of the other 
two states are +4 and +5. The spectrum of the hexapositlve state has 
no marked bands in the visible region of the spectrum. 



0 0.4 0.8 1.2 1.6 2 

EQUIVALENTS OF Ce(IlZ) ADDED 


Fig. 2 — Titration of neptiinlum(IV) with cerium(IV). 


Neptunium differs from both plutonium and uranium in that its 
pentapositive state is thermodynamically stable in l.OM acid solution. 
This property is eiqiected to prove very useful in the study and inter- 
pretation of the behavior and properties of the pentapositive ions of 
this series of elements. 

The reduction of neptunium(VI) in hydrochloric acid with tin(n) is 
interesting. Potential measurements have shown that tin(n) is a suf- 
ficiently powerful reducing agent to potentially reduce neptunlum(V) 
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or neptunlum(VI) to the tetrapoBltlve state. The reaction of tin(II) and 
neptunium(V) Is apparently very slow, as the reduction appears to 
stop at the pentaposltlve state. It was noted, however, that during the 
titration there was a small amount of neptunium(IV) produced, which 



Fig. 3 — Titration of neptunlum(VI) with lron(II). 


disappeared rather quickly. This suggests that the reaction proceeds 
at least partially by the following steps: 

Np(V) + Sn(n) s Sn(IV) + Np(IV) (1) 

Np(IV) + Np(Vl) c 2Np(V) (2) 

It is also found that if iron is present in the solution, the reaction is 
catalyzed, and quantitative reduction of neptunium(V) to neptunlum(nO 
takes place. 

Summary . Spectrophotometric titrations of neptunium solutions 
with oxidizing and reducing agents have been used, together with the 
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Isolation of the salt NaNp02(00CCHs)3 from the solution of the hlg^h- 
test oxidation state obtained, to establish the existence of the tetra-, 
penta-, and hexapositive states of neptunium. In contrast to both ura- 
nium and plutonium, the pentapositlve state of neptunium has been 
found to be quite stable in acid solution. 
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Paper 15.2 


CHEMISTRY OF NEPTUNIUM. ABSORPTION SPECTRUM STUDIES 
OF AQUEOUS IONS OF NEPTUNIUMt 

By J. C. Hindman, L. B. Magnusson, and T. J. LaChapelle 


1. INTRODUCTION 

By analogy with uranium and plutonium, neptunium ions in aqueous 
solutions were expected to have characteristic absorption spectra. 
This has proved to be the case and the use of these characteristic 
spectra in determining the oxidation numbers of the +4, +5, apd +6 
states of the element has been described in a previous paper. ^ This 
paper gives further details of the absorption spectra of the ions of the 
various oxidation states of neptunium. 

2. EXPERIMENTAL PROCEDURE 

The absorption -spectrum measurements were made with a Beck- 
man quartz spectrophotometer. The instrument was operated, in 
general, at a slit width of 0.01 to 0.02 mm except as noted in the dis- 
cussion. Readings were made at 2-mjii intervals in the spectral region 
from 350 to 600 m/x, at 2.5-m/x intervals in the region from 600 to 
1000 mp, and at 5-mp intervals above 1000 mp except in the vicinity 
of absorption bands where readings at l-mp intervals were made. In 
the case of very sharp absorption bands, the peak maximum was 
located by slowly rotating the wavelength drum and finding the point 
of maximum deflection of the galvanometer. Corex absorption cells 
of l.OOOtO.002 cm and 0.5001:0.002 cm were used with samples of 
1.1 and 0.5 ml of solution, respectively. The adapters used have been 
described previously.^ 


tContributlon from the Chemistry Division oI the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on Metallurgical Project Report .CN- 27 67 (Mar. 27, 1945) and unpublished 
data. 


lose 



1040 


THE TRANSURANIUM ELEMENTS 


The concentrations of the solutions used were from 0.002M to 
O.OIM. Details of the solution preparations can be briefly summa- 
rized. 

2.1 Neptunium(in) in Hydrochloric Acid . This solution was pre- 
pared by reduction of a Np(IV) solution in l.OM HCl at a mercury 
cathode. The reduction cell is described in a subsequent report.^ 

2.2 Neptunium(IV) in Perchloric Acid . Attempts to prepare pure 
Np(IV) solutions in perchloric acid were not successful since the 
hydroxide does not dissolve readily in this acid. This behavior is 
similar to that of U(IV) and Pu(IV) hydroxides and is explained by the 
fact that CIO 4 has very little tendency to form complex ions. The 
spectrum of Np(IV) in l.OM HCIO^ was obtained from a solution that 
also contained appreciable concentrations of both Np(V) and Np(VI) 
prepared by heating the dried Np(lV) hydroxide with 9. 5M HCIO^. 

2.3 Neptunium(IV) in Hydrochloric Acid . Solutions of neptuni- 
um(IV) in IM HCl and 8M HCl have been prepared by dissolving the 
washed neptunium(IV) hydroxide in concentrated hydrochloric acid and 
diluting. 

2.4 Neptunium(IV) in Sulfuric Acid . Solutions of neptunium(IV) in 
0.5M and l.OM H^SO^ have been prepared by (a) fuming the double 
fluoride of Np(TV), KNpF^, with sulfuric acid to give crystals of nep- 
(unium(IV) sulfate, and (b) dissolving the washed neptunium(IV) hy- 
droxide in concentrated sulfuric acid and diluting to volume. 

2.5 Neptunium(V) in Perchloric Acid . The spectrum of neptu- 
nlum(V’) in IM HCIO^ has been observed in the solution of mixed oxi- 
dation states described above. A pure Np(V) solution in perchloric 
acid has also been made by dissolving the neptunlum(V) hydroxide in 
acid of the desired concentration. 

2.6 Neptunium(V) in Hydrochloric Acid . Solutions of neptunlum(V) 
in IM HCl have been prepared by (a) reduction of a Np(VI) solution in 
IM HCl with stannous chloride and (b) reduction of a Np(VI) solution 
in hydrochloric or nitric acid with hydroxylamlne hydrochloride, pre- 
cipitation of the neptunium(V) hydroxide, dissolution of the washed 
hydroxide in acid, and dilution to volume. 

2.7 Neptunlum(V) in Nitric Acid. Neptunlum(V) solutions in IM 
HNO, have been prepared by (a) oxidation of neptunium(IV) solutions 
by nitric acid in the cold, and (b) dissolution of neptunlum(V) hydrox- 
ide in nitric acid and dilution to volume. 

2.8 Neptunium(V) in Sulfuric Acid . Neptunium(V) solutions in 0.5 
and IM I^SO^ have been prepared by (a) stoichiometric oxidation of 
Np(IV) with Ce(IV) and (b) dissolution of neptunlum(V) hydroxide in 
sulfuric acid. 
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2.9 Neptunium(V) in Hydrogen Peroxide . A solution of neptuni- 
um(V) In O.SM HNO, containing 1.5M H 2 O 2 was prepared by addition of 
hydrogen peroxide to a solution of Np(VI) in nitric acid. Reduction to 
Np(V) occurred. No precipitate was formed, which suggests that the 
neptunium peroxide prepared by LaChapelle* was the peroxide of 
neptunium(rv). 

2.10 Neptunium(VI) in Perchloric Acid . A solution of neptuni- 
um(VI)in l.OM HCIO 4 was prepared by oxidation of a solution of mixed 
oxidation number with AgO. 

2.11 Neptunium(VI) in Hydrochloric Acid . Solutions of neptuni- 
um(VI) in hydrochloric acid have been made by dissolution of the nep- 
tunium (VI) hydroxide in IM HCl. Reduction of the Np(VI)by Cl~ occurs 
even if dilute acid is added. 

2.12 Neptunium(Vl) in Sulfuric Acid . The spectrum of neptuni- 
um(VI) in a solution of l.OM H^SO^ prepared by stoichiometric oxida- 
tion with Ce(IV) was examined. 

In addition to obtaining the spectra of the specific solutions men- 
tioned above, data were also obtained on the effect of slit width on the 
observed extinction of the sharp absorption bands and on the Beer’s 
law behavior of certain of these bands. These data will be discussed 
later in the paper. 

3. RESULTS AND DISCUSSION 

In general, the spectra of the neptunium ions have characteristics 
which closely resemble those cf the ions of the two neighboring ele- 
ments, uranium and plutonium. Neptunium(VI) in solution resembles 
U(VI) in that it does not exhibit any strong, sharp absorption bands in 
the visible region. There is an increasing absorption in the ultra- 
violet. Figure 1 illustrates the spectrum of neptunium(VI) in l.OM 
HCIQ, . Addition of a complexing anion such as sulfuric acid increases 
the ultraviolet absorption. This suggests the formation of one or 
more complex ions between Np(VI) and sulfate, an observation in 
agreement with the fact that the transference behavior of neptuni- 
um(VI) shows an anion to be present in l.OM HjSO^ and with the more 
positive value of the Np (V)/(VI) potential in sulfuric acid solutions.*'* 
A satisfactory spectrum of Np(VI) in hydrochloric acid cannot be ob- 
tained since Cl" reduces Np(VI) to Np(V), and the liberated chlo- 
rine interferes with the spectral observations in the near ultraviolet 
region. 

Figure 2 shows the neptunium(V) spectrum in l.OM HCl. This 
spectrum is characterized by a very strong, sharp absorption band at 
983 mp. In addition there are several smaller bands present, the 
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wavelength in millimicrons 


Fig. 1 — Absorption spectrum of Np(VI) In l.OM HCIO^. 



WAVELENGTH IN MILLIMICRONS 


Fig. 2 — Absorption spectrum of Np(V) In l.OM HCl. 


most prominent of them being at 617 mu. The location and molar 
extinction coefficients of these bands are summarized in Table 1. 
There is a strong resemblance between the absorption spectrum of 
Np(V) and its isoelectronic analogue Pu(VI). The color of Np(V) in 
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WAVELENGTH IN MILLIMICRONS 


Fig. 3 — Absorption spectrum of Np(IV) In l.OM HCl. 


Table 1 — Neptunlum(V) Absorption Bands in l.OM HCl 
(0.0036M Np(V), 0.0127 mm silt width, 1.000 + 0.002 cm cell] 


Absorption -band 

Molar extinction 

Absorption -band 

Molar extinction 

location, 014 

coefficient 

location, 014 

coefficient 

365 

7 

629 

9.0 

430 

6.5 

668 

5.2 

476 

6.5 

770, broad 

5 

594 

5.5 

717 

2.6 

602 

4.5 

963 

3.25 

018 

23.5 

1026 

3.5 


aqueous solution Is blue -green. No spectral evidence for formation of 
complex Ions of Np(V) exists. The spectrum appears the same in 
IM HCIO 4 , IM HCl, IM I^SQ,, 0.5M HNO,-1.5M H,0„ and IM HNO^. 

The neptunlum(IV) spectrum Is characterized by a number of sharp 
absorption bands, two Intense bands being of particular Interest. In 
perchloric and hydrochloric acid solutions these bands are located at 
723 and 864 m/i. The neptunlum(IV) spectrum In l.OM HCl is Illus- 
trated In Fig. 3. A reconstruction of the neptunium(IV) spectrum In 
l.OM HCIO^ from the spectrum of a solution of mixed oxidation num- 
ber indicates that within the experimental error the spectrum In the 
two acids Is the same. This Is reasonable In view of the low complex- 
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forming tendency of the perchlorate and chloride ions and leads to the 
conclusion that the neptunium (IV) spectrum in Fig. 3 is that of the 
uncomplexed ion. The Np(IV) spectrum in 8M HCl is considerably al- 
tered, and the absorption bands are decreased in intensity and broad- 
ened, indicating a complex ion is present in this solution. The location 
and molar extinction coefficients of the Np(IV) bands in l.OM HCl are 
summarized in Table 2. 

Figure 4 serves to illustrate the marked effect of sulfate on the 
Np(IV) spectrum. The bands have been considerably broadened and the 
intensity of absorption has been decreased. These changes have been 
p^ccompanied by a shift of the peaks to the red, e.g., the 723-m/x peak 
shifts to 727 mp and the 964-m/i peak to 971 m^. The smaller peaks 
are similarly affected. The formation of a relatively stable complex 
ion of Np(IV) is suggested by these changes. The marked shifts of the 
neptunium (IV)/(V) potential from -0.74 volt in l.OM HCl to -0.99 volt 
in l.OM H2SO4 is confirmatory evidence for the formation of a stable 
complex ion of neptunium(IV) and sulfate.^ 

The absorption spectrum of neptunium! HI) in l.OM HCl is illustrated 
in Fig. 5. More precise data on the band locations and extinction 
coefficients are given in a following paper. ^ 

In general, the principal absorption bands of Np(IV) and Np(V) are 
similar in sharpness and extinction coefficients to the absorption 
bands of plutonium, particularly the principal 831 -mu band of Pu(VI). 
This resemblance suggested that these bands might be imsuitable for 
use in spectrophotometrlc analysis without careful standardization 
of the measurements since it has been shown that optical failure of 
the spectrophotometer leads to an apparent failure of the Pu(VI) ab- 
sorption band at 831 mp to obey Beer’s law.''*’ Observations showing 
the effect of slit width on the apparent optical densities of the princi- 
pal bands are given in Fig. 6. Examination of these data shows that 
the deviation from linearity of the optical density, log Ip/l, with slit 
width is most marked in the case of the 983 -mp Np(V) peak. In view 
of the Beer-Lambert relation 


log ^ = kef 

where I = percentage transmission 
lo = 100 per cent transmission 
k = constant 

c = concentration of solution 
I s cell length 
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Table 2 — Ncptuniuin(IV) Absorption Bands in l.OM HCl 
[0.00752M Np(IV), 0.0127 mm slit width, 1.000 t 0.002 cm cell] 


Absorption -band 

Molar extinction 

location, mil 

coefficient 

363 

10.3 

403 

7.9 

412 

15.0 

429 

24.2 

430 

6.8 

463 

10.5 

476 

17.4 

492 

20.1 

503 

22.3 

519 

14.9 


Absorption -band 

Molar extinction 

location, m^i 

coefficient 

539 

7.4 

590 

14.0 

617 

8.1 

723 

126 

742 

40.0 

795 

16.7 

B20 

26.3 

844 

18.6 

965 

160 
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WAVELENGTH IN MILLIMICRONS 


Fig. 4 — Absorption spectrum of Np(IV) in l.OM I^SO^. 


this deviation would be expected to cause the apparent molar extinc- 
tion coefficient to decrease with increasing concentration as in the 
case of the SSl-m/i band of Pu(VI). 

Measurements on solutions of Np(V) in sulfuric acid gave values of 
in agreement with the expected behavior (see Table 3). In the 
case of Np(IV) the magnitude of the effect is in the order 
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964iici > 973h^^ > 723^^ > 727^^^ 

For a particular band width, the effect Is greatest In that region In 
which the dispersion of the instrument is the least, i.e., in the longer 
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WAVELENGTH IN MILLIMICRONS 


Fig. 5 — Absorption spectrum of Np(III) In l.QM HCl. 


wavelength region (see Table 4). According to information given by 
Cary and Beckman* aberrations in the instrument have the effect of 
widening the slits by about 0.02 mm in so far as spectral purity is 
concerned. Accepting their value for the spectral purity would mean 
that the Np(V) band at 983 is less than 2.5 m4 in width at the peak. 
Carnlglia et al.” have suggested that the actual spectral purity may 
be less than that claimed by Cary and Beckman. Since the deviation 
for the Np(IV) chloride band at 964 mp is less than for the 983 -m/x 
Np(V) band, the width of the former absorption band would be nearer 
to the 2.5-mn spectral band width. The deviation of the 723 Np(IV) 
chloride band from linearity would on this basis indicate a band width 
at the peak of not greater than 1.5 mp. The broadening of the Np(IV) 
bands to a width greater than the spectral dispersion of the instrument 
in 0.5M HgSO^ is shown by the fact that increasing slit width does not 
cause a dropping off in the peak optical density. 

At the time the absorption spectra of plutonium were first observed 
with the Beckman quartz spectrophotometer,*” the similarity between 
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the band characteristics for the ions of plutonium and those of the 
rare-earth ions was pointed out. The most striking similarity is in 
the type of bands observed, i.e., sharp bands, indicating protection 



LOG lo/I 


Fig. 6— Effect of Slit width on optical density of major Np(IV) and Np(V) absorpUon 
bands. ■, Np(V) sulfate QBS-m/ix peak; •. Np(IV) sulfate 972 -mu peak; o, Np(lV) 
chloride 723-mu peak; \ Np(IV) chloride 9e4-mu peak; o , Np(IV) sulfate 727-mu> 
peak; V, Np(IV) sulfate 971-mu peak; □, Np(IV) sulfate 727-mu peak; ®, Np(V) sulfate 
9B4-infi peak; # , Np(V) chloride 984 peak. 


from perturbation by the fields of the surrounding atoms. It is in- 
teresting at this point to compare the band characteristics for those 
elements in the heavy-metal “rare-earth” series showing character- 
istic absorption spectra. Table 5 summarizes the general charac- 
teristics of the absorption bands of the tetrapositive ions in the series. 
Data on Nd(ni) are included for comparison. 
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Table 3 — Effect of Concentration on the Apparent Molar Extinction Coefficient 
of the 985-014 Band of Np(V) in l.OM HaSO^ (Slit Width 0.02 mm) 


Np(V), molarity 


0.00111 

306 

0.00421 

280 

0.00530 

263 

0.00676 

231 


Table 4 — Effect of Concentration (Beer’s Law Study) on the Apparent Molar Extinction 
Coefficient of the 727- and 971 -m4 Bands of Np(IV)in l.OM H^SO^ (Slit Width = 0.02 mm) 


Np(IV), molarity 

^*727 


0.000512 

94.0 

82.0 

0.00320 

92.1 

76.2 

0.00516 

B9.9 

73.6 

0.00700 

89.5 

73.3 

0.00991 

69.5 

73.3 


Table 5 — Comparison of Absorption-band Characteristics 



Band 

Ions 

wavelength, m/i 

U(IV) 

430 

(IM HCl) 

550 


650 

Np(IV) 

363 

(IM HCl) 

723 


964 

Pu(IV) 

426 

(IM HCl) 

471 


656 

Nd(ni) 

444 

(IM HNO,) 

578 


797 


Half -intensity 

Molar extinction 

width.! m 4 

coefficient 

18 

14.5 

20 

18.5 

22 

54 

3 

9.5 

20 

126 

12 

168 

10 

27.5 

14 

53 

41 

36 

7 

0.56 

14 

1.80 

14 

1.66 


iHalf-intensity width is defined as the band width at an extinction corresponding to 
one -half the molar extinction at the band peak/^ 


In the case of the rare earths it is now generally agreed that the 
transitions are forbidden (4f") transitions where the values of the 
quantum numbers L and S change while the {'s remain constant. The 
low intensity of absorption is due to the fact that the forbidden transi- 
tions are allowed only with low probability. Although the greater in- 
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tensity of absorption in the various sharp bands of the actinide series 
qualitatively suggests that the transitions are allowed with a some- 
what greater probability than in the case of the rare-earth ions, the 
molar extinction coefficients observed are still 10* to 10* lower than 
for dipole radiation, and hence are still classified as due to forbidden 
transitions, probably 5f". 

The colors of the solutions of the ions of the various oxidation 
states are summarized in Table 6. 


Table 6 — The Colors of Aqueous Solutions of Approximately 0.005M Neptunium 

in l.OM Acids 


Ion 

In HCiq. 

In HCl 

In H 2 SO 4 

Np(rv) 

Pale yellow -green 

Pale yellow-green 

Pale yellow -green 

Np(V) 

Green -blue 

Green-blue 

Green -blue 

Np(VI) 

Pale pink 


Dark yellow -green 


4. SUMMARY 

The characteristics of the absorption spectra of the ions of neptu- 
nium of the +3, +4, +5, and +6 oxidation states in aqueous solution 
have been determined. Details of their spectra are given for solutions 
containing both complex-forming and noncomplex-forming anions. 
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Paper 15.3 


CHEMISTRY OF NEPTUNIUM. 
PREPARATION AND PROPERTIES OF NEPTUNIUM(m}t 

By L. B. Magnusson, T. J. LaChapelle, and J. C, Hindman 


1. INTRODUCTION 

The oxidation states of neptunium in aqueous solution have been 
shown^’’ to be +3, +4, +5, and +6. A preliminary attempt to prepare 
Np(nD by reduction of Np(IV) in l.OM HCl at a platinum cathode was 
unsuccessful. This led to the conclusion that the potential for the 
Np (I1I)/(IV) couple was more positive than zero. It has been found, 
however, that the failure to obtain Np(in) may be attributed to the 
extremely rapid oxidation of Np(lll) in the presence of air. Watters 
showed with the polarograph that Np(III) could be formed in solution; 
and, although the Np (III)/(IV) couple appeared to be irreversible at 
the dropping-mercury electrode, he estimated the formal potential of 
the couple in 0.25M HgSO^ to be -t-O.! volt. Further experiments by 
the authors revealed that Np(IlI) could be obtained in fair yield in 
hydrochloric acid by reduction of Np(lV)with a mercury -pool cathode, 
and that Np(III) is stable ?dth respect to oxidation by hydrogen ion in 
IM hydrochloric acid. This paper includes a description of a method 
for preparation of Np(III) in good yield in an oi^gen-free atmosphere 
and the results of potential measurements on the Np (III)/(IV) couple. 

2. EXPERIMENTAL PROCEDURE 

Gross neptunium concentrations in these ejqperiments were deter- 
mined by radiometric assay. Assays of concentrations of the Indivld- 

tContrlbutlon from the Chemistry Dlylsion of the Metallurgical Laboratory, UnU 
rerslty (rf Chicago, now the Argonne National Laboratory. 

Based on Metallurgical Project Report CN-S0S3 (June 1945). 
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ual oxidation states of neptunium were made spectrophotometrlcally 
using a Beckman spectrophotometer. All potential measurements 
were made at 25 ± 1”C by using a Rubicon precision potentiometer 
and galvanometer of 0.003 pa per millimeter sensitivity. 



Fig. 1 — Spectrophotometer electroreduction cell. 


The micro-scale reduction cell employed for the preparation of 
Np(III) consisted of a 1-cm Corex spectrophotometer absorption cell 
with airtight connections (Fig. 1). The complete electrolytic apparatus 
was mounted in a Beckman spectrophotometer cell holder for con- 
venient transfer to the spectrophotometer that was used for deter- 
mining neptunium concentrations. Cells A and B are 1-cm absorption 
cells to which cylindrical, glass, threaded tops of 1 cm inside di- 
ameter were fastened with OeKhotinsky cement to prevent loss of 
solution by evaporation. Cell A, the spectrophotometer blank, con- 
tains dilute hydrochloric acid. Cell Bis the neptunium-reduction cell. 
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which was closed by a small cork. Glass capillaries of 1 mm inside 
diameter are marked a, b, c, d, and e. Tube a Is filled with mercury 
to make electrical contact with a copper-strand lead h and a platinum 
wire i in the tip, which in turn contacts the mercury-pool cathode g. 
Tube b is a nitrogen inlet, the tip of which (not shown) projects do\m 
into the solution. Tube f is a short section of flexible plastic tubing 
for connection to a nitrogen suppiy. Tube c is a saturated potassium 
chloride-agar bridge. Tube d is a vent, the tip of which extends be- 
low the solution level to prevent escape of the hydrogen-nitrogen 
blanket over the solution. All tubes in cell B were sealed into the 
cork with DeKhotinsky cement. Cell D contains saturated potassium 
chloride and is the central compartment for agar bridge connections. 
The potential of the neptunium solution in cell B was measured by in- 
serting a saturated potassium chioride-agar bridge connected to an 
exterior calomel electrode (not shown) into cell D and making con- 
nection through the copper lead h. Cell C is the anode compartment 
containing dilute hydrochloric acid, and it is connected to D by the 
agar bridge e. The graphite anode j is a section of 2-mm soft pencil 
lead. A slit in the cork served as a chlorine vent. The spectrophotom- 
eter cell holder is shown in outline in Fig. 1 . The approximate area 
of the slit apertures is indicated by the dashed rectangles in the ab- 
sorption cells. A strip of ruled graph paper (not shown) attached to 
the back of cell B and above the slit aperture was calibrated to serve 
as a volume indicator, 

A 1.5-ml volume of 0.00752M Np(IV) solution in 1.63M HCl was 
placed in cell B, and the cork was sealed with ceresin wax. Oxygen 
was removed by bubbling pure nitrogen saturated with water vapor 
through the solution for 10 min before the electrolysis. The solution 
was reduced by electrolyzing with a current density of approximately 
8 ma/sq cm. An applied potential of 45 volts was required to main- 
tain the current density. Nitrogen was continuously bubbled in to stir 
the solution and to assist in maintaining an oxygen-free atmosphere. 
The reduction was stopped periodically, and the nitrogen inlet and 
vent were disconnected and sealed with drops of rubber cement to 
permit Insertion of the holder into the spectrophotometer. The extent 
of reduction was determined by observing the decrease in the 723 -mp 
absorption band of Np(IV). Since the electrical energy put into the 
cell was almost entirely converted by hydrogen evolution, the change 
in hydrochloric acid concentration was computed from the total num- 
ber of coulombs that were passed through the cell. The solution was 
electrolyzed for a total of 1,278 ma-min, resulting in a reduction of 
the hydrochloric acid concentration to 0.96M (no volume change per- 
ceptible). The optical density of the 725-mM band had been reduced 
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to 16 per cent of the value before electrolysis. The nitrogen inlet and 
vent were sealed, and the complete absorption spectrum of the solu- 
tion was measured over the range of 350 to 1050 mp. Over a period 
of 2 hr during the measurement of the absorption spectrum, the op- 
tical density at 723 mp increased by only Iper cent of the peak value. 



WAVELENGTH IN MILLIMICRONS 


Fig. 2 — Absorption spectrum of ncptunium(ni). 


A few bubbles of air were blown through the solution, and the nitro- 
gen inlet and vent were left open. Measurements of the 723-mp 
absorption-band density and emf of the neptunium cell vs. a saturated 
calomel electrode were made and plotted against time. The 723-mp 
absorption -band density was observed to increase steadily over a 
period of 5 hr to the maximum value of the pure Np(IV) solution that 
was observed before the electrolysis. The measured potentials were 
very stable and shifted slowly to less -positive values as the oxidation 
proceeded. At the completion of the experiment, radiometric assays 
showed the concentration of the neptunium to be the same as before 
the electrolysis. 


3. CALCULATIONS AND RESULTS 

The color of the Np(in) solution was pale purple, similar to that of 
U(III) and Pu(III). From a graph of the complete absorption spectrum 
measured immediately after the electrolysis, the amount of Np(IV) 
present in the solution was estimated by a series of approximations 
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from the measured optical densities over the range of 700 to 750 mp. 
It was estimated that 87 per cent of the Np(IV) had been reduced to 
Np(in). The Np(III) absorption spectrum reproduced In Fig. 2 was 
obtained by subtracting the Np(IV) contribution at each wavelength of 
the measured spectrum. The principal absorption peaks and their 
molar extinction coefficients are listed in Table 1. 


Table 1 — Principal Absorption Bands of Neptunium (III) 


Wavelength, 

Molar extinction 

Wavelength, 

Molar extinction 


coefficient 

m4 

coefficient 

382 

26.5 

602 

25.5 

402 

30.0 

661 

20.0 

416 

29.0 

788 

46.5 

462 

15.0 

857 

23.5 

553 

41.5 

1,000 

20,5 


The optical density of the solution at the time of emf measurement 
was obtained by interpolation from the density-time graph. Concen- 
trations of Np(III) and Np(IV) were obtained from the equation 


where C 
D 
dm 

div 

Em 

Epf 

Cm 

Cjv 

C 

D 

dm 

div 

D 

D 

D 


D ~ Em C _ „ 

E — IT ^rv 
IV 

total neptunium concentration 

measured density at 723 mp 

density of Np(in) at 723 mp 

density of Np(IV) at 723 m/x 

molar extinction coefficient of Np(lll) at 723 mp 

molar extinction coefficient of Np(IV) at 723 m/x 

concentration of Np(ni) 

concentration of Np(IV) 

Cm + Cjv 
dm + div 
Em Cm 

Ejv C|v 

Em Cm Ejv C|y 
Em (C “ C|y ) + E|y Cpf 
Em C + (Ejy ~ Em)Civ 


( 1 ) 


The constants Em and Epr must be evaluated to solve the concen- 
tration equations. The measured optical density of the Np(IV) 723-mfx 
band has been found independently” to conform to Beer’s law over 
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the range of concentrations of Np(IV) In this experiment; the molar 
extinction coefficient Is equal to 126. A value for the molar extinction 
coefficient Ejq of 4.2 was obtained by subtracting the estimated peak 
hei^t at 723 mp contributed by Np(IV) in a complete spectrum meas- 
ured after reduction. Concentrations of Np(nD and Np(IV) at the 
times of emf measurement were calculated directly from the inter- 
polated density at 723 mu by using the expression for C and Eq. 1. 
The formal potential, Ef, of the Np (in)/(IV) couple was determined 
from the measured potential, E, of cell A and calculated concentra- 
tions by the use of Eq. 2. 

Hg; Np(IV), Np(IlD, H+, Cl'; HgCl-Hg (A) 

Ef = -Emeasured + E^g-HBCl + 0.0591 lOg 

where EHg.HgCi^ (standard potential of saturated calomel 

electrode). The neptunium solution was found to be negative with 
respect to the calomel cell, and Emeaaured was taken as positive. In 
Table 2 are summarized the density and potential observations and 
calculations of concentrations and the formal potential. 

The average formal potential for the Np (III)/(IV) couple obtained 
from these data is -0.137 ± 0.001 volt. 

4. DISCUSSION OF RESULTS 

Although no direct titration was performed to determine the oxi- 
dation number of the neptunium reduced in the nitrogen apparatus, 
the constancy of the formal potential calcxilation based on a one- 
electron change over a seventyfold range of Np (IV)/(III) ratios is 
sufficient evidence that the reduced plutonium was in the tripositive 
state. This conclusion is in agreement with the polarographlc results 
obtained by Watters.^ It should also be noted that the constancy of 
the calculated formal potential is proof of the reversibility of the 
Np (1II)/(IV) couple. This result differs from the polarographlc be- 
havior observed by Watters for a sulfate solution. No explanation for 
the dl^erence in behavior can be given at present. 

The oxidation potential of -0.137 volt in IM HCl obtained in this 
work is in satisfactory agreement with the value of +0.1 volt esti- 
mated by Watters for 0.12M HgSO^ solution. Preferential complexlng 
of the tetraposltlve ions by sulfate has been found by Heal’ to shift the 
potential of the U (ni)/(IV) couple +0.15 volt in 0.5M H ^04 and by 
Ames and Hin dm an* to shift the potential of the Pu (I1I)/(IV) couple 
+0.0B volt in 0.15M H,S 04 relative to the potentials in noncomplexed 
solutions. 
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Table 2 — Measurements of Oxidation Potential of Np (I1I)/(IV) Couple 


Time, 

Density 

min 

at 723 m/i 

0 

0.157 

1.4 

0.158 

28.6 

0.184 

29,3 

0.185 

42.7 

0.236 

43.5 

0.239 

54.7 

0,266 

55.6 

0.270 

56.8 

0.274 

68.8 

0.314 

69.5 

0.315 

75.2 

0.332 

75.7 

0.334 

81.1 

0.357 

81.8 

0.360 

88.0 

0.384 

88.6 

0.387 

100.4 

0.436 

100.9 

0.438 

114.7 

0.484 

115.3 

0.487 

127.1 

0.543 

143.5 

0.589 

143.9 

0.590 

155.5 

0.639 

155.9 

0.640 

161.9 

0.661 

162.5 

0.666 

170.6 

0.707 

178.1 

0.740 

179.6 

0.743 

191.3 

0.778 

192.5 

0.781 

192.9 

0.782 

200.2 

0.812 

200.6 

0.813 

201.5 

0.814 

203.0 

0.816 

203.4 

0.817 

204.5 

0,618 

212.6 

0.849 

212.9 

0.850 

213.8 

0.852 

214.1 

0.853 

215.2 

0.856 

215.6 

0.858 


Np(IV), 

Npdll), 

M X 10* 

MX 10 ' 

1.03 

6.38 

1.04 

6.37 

1.26 

6.15 

1.27 

6.14 

1.68 

5.73 

1.71 

5.70 

1.93 

5.48 

1.96 

5.45 

2.00 

5.41 

2.32 

5.09 

2.33 

5.08 

2.47 

4.94 

2.49 

4.92 

2.66 

4.73 

2.70 

4.71 

2.90 

4.51 

2.92 

4.49 

3.33 

4.08 

3.34 

4.07 

3.72 

3.69 

3.75 

3.66 

4.21 

3.20 

4.58 

2.83 

4.59 

2.62 

4.99 

2.42 

5.00 

2.41 

5.17 

2.24 

5.21 

2.20 

5.55 

1.86 

5.82 

1.59 

5.85 

1.56 

6.13 

1.28 

6.16 

1.25 

6,17 

1.24 

6.41 

1.00 

3.43 

0.98 

6.43 

0.98 

6.45 

0.95 

6.46 

0.94 

6.46 

0.94 

6.72 

0.69 

6.73 

0.68 

6.74 

0.67 

6.75 

0.66 

6.78 

0.63 

6.79 

0.62 


Np(IV) 


Np(in) 

-AE 

0.162 

0.047 

0.163 

0.047 

0.205 

BHI 1 

0.207 


0.293 

! 1 

0.300 

0.031 

0.352 

0.027 

0.359 

0.026 

0.370 

0.026 

0.456 


0.459 


0.500 

0.018 

0.506 


0.567 


0.574 

0.014 

0.643 

o.on 

0.651 

0.011 

0.B17 

0.005 

0.821 


1.01 


1.02 


1.31 


1.62 


1.63 


2.06 

0.019 

2.07 


2.31 

0.022 

2.36 


2.98 

MR ; 

3.66 


3.75 


4.79 

1 

4.92 

0.041 

4.98 


6.41 


6.56 

0,048 

6.56 

0.049 

6.79 

0.049 

6.87 


6.87 

0.050 

9.75 

0.058 

9.90 

0.059 

10.05 


10.20 


10.8 

0.061 

10.9 

0.061 



Ef, 

volts 

volts 

0.154 

-0.138 

0.154 

"0.138 


0.140 

0.145 

-0.140 


0.136 


-0.136 

0.136 

0.136 


-0.136 

0.135 

0.136 

0.129 

-0.136 

0.128 

-0.137 


-0.137 


- 0.136 

0.123 

-0.137 


0.136 

0.121 

"0.135 

0.121 

-0.135 

0.115 

-0.135 


-0.135 

S 1 

-0.137 

9 1 9 

-0.136 

m 1 

-0.136 


- 0.137 

0,096 

0,136 

0.089 

-0.137 


-0.137 

0.083 

-0.140 


-0.140 


-0.137 

RQ 9 

-0.137 

19 9 

■0.137 

0.067 

-0.138 

0.065 

■0.139 

0.064 

-0.140 


-0.137 

inffl!9 

-0.137 

0.058 

- 0.138 


“0.140 


-0.139 


-0.140 


-0.138 


-0.137 


“0.139 


-0.138 


-0.139 


-0.139 
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In view of the instability of Np(III), the earlier investigators”"' of 
neptunium when using trace concentrations of the Np””* isotope prob- 
ably never succeeded in forming the tripositive state in solution 
because sufficiently powerful reducing agents were not used. 

The formal potentials in l.OM HCl for the (III)/(IV) couples of 
uranium, neptunium, and plutonium measured under similar conditions 
are given in Table 3. The intermediate stability of the neptunium 
couple is in agreement with the theory that the tripositive ions in- 
crease in stability with increasing atomic number in this series as in 
the 4f series (see ‘'actinide” hypothesis, reference 10). 


Table 3 — Formal Potentials of (in)/(IV) Couples in IM HCl 


Couple 

Ef, 

volts 

Reference 

U(ni)=^U(IV) + e- 

0.633 

8 

Np(ni)^Np(IV) + e- 

-0.137 


Pu(in) Pu(rv) + e- 

-0.965 

9 


5. SUMMARY 

The formal potential of the Np (III)/(IV) couple was found to be 
-0.137 volt in l.OM HCl. The Np(in) ion is intermediate in stability 
between U(IID and Pu(ni) in aqueous solution. The couple behaved 
reversibly over a seventyfold change of ratio of concentration of 
Np(IV) to Np(III). Details of the absorption spectrum of the aqueous 
Np(in) ion are given. 
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Paper 15.4 


CHEMISTRY OF NEPTUNIUM(V). FORMAL OXIDATION 
POTENTIALS OF NEPTUNIUM COUPLESt 

By L. B. Magnusson, J. C. Hindman, and T. J. LaChapelle 


1. INTRODUCTION 

The determination of the formal potential of the neptvmium(in)/(lV) 
couple in IM HCl is reported in another paper of this series.* 

The oxidation of the tetrapositive oxidation state to the pentaposi- 
tive or hexapositlve state is not an electrode -reversible process in 
the case of either uranium' or plutonium,' the irreversibility of the 
reaction being attributed to the process of gaining or losing oxygen by 
the metallic ion. The behavior of the neptunium (IV)/(V) couple In 
hydrochloric and sulfuric acid solutions has been studied. As a con- 
sequence of a slmiliar irreversibility of the couple as found for ura- 
nium and plutonium, values for the formal potentials of the couple in 
IM HCl were necessarily calculated from measurements of solutions 
containing Np(V), Np(IV), Fe(in), and Fe(n) in equilibrium. A formal 
potential for the neptunium (IV)/(V) couple in l.OM H^SO^ has been 
calculated from measurement of the disproportionation equilibrium of 
neptunium(V). 

Neptunium(In) and neptunlum(IV) are thought to be simple cations 
in acid solutions of non-complex -forming anions by analogy with the 
corresponding states of uranium and plutonium, which have been more 
extensively studied.* The unique ions of this group, in which the ele- 
ments are in the pentapositive and hexapositlve oxidation states, how- 
ever, are not so well understood. The fact that hexapositlve uranium, 
neptunium, and plutonium all form insoluble compounds of the types 


tContrlbuUon from the Chemistry DlTtslon of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argoime National Laboratory. 

Based on Metallurgical Project Reports CN-2T67 (Mar. 27, 1945) and CN-9053 
(June 1945) and unpublished data. 
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NaXOjCCjHjO,), is evidence for the existence of the ion A large 

quantity of other evidence has been accumulated* to show that both 
plutonium and uranium have aqueous ions of the form XC^'*'. The ions 
of the pentapositive oxidation states of uranium and plutonium are un- 
stable with respect to disproportionation into the tetrapositive and 
hexaposltive states, so that considerable difficulty is attached to 
studying the pentapositive state in these elements. 

Heal‘ and Harris and Kolthoff* have obtained polarographic evidence 
for a reversible uranium (V)/(VI) couple and the existence of the ion 
UO^. Similarly, the plutonium (V)/(VI) couple has been found to be- 
have fairly reversibly, and evidence has been presented for the ex- 
istence of a Pu(^ ion.®’’ Neptunium(V) has been found to be quite 
stable and, hence, should be extremely useful in an extensive study 
designed to furnish more information about the properties of ions of 
the pentapositive state . Measurements of the hydrogen -ion dependency 
and of the formal potentials of the neptunium (V)/(VI) couple have 
been made. 


2. THE NEPTUNIUM (IV)/(V) COUPLE 

2.1 The Neptimium (IV)/(V) Couple in IM HCl . (a) Experimental 
Work . Two separate measurements of the couple in IM HCl solution 
were attempted, using a silver -silver chloride reference electrode 
and a bright-platinum electrode. The observed potentials drifted to 
less positive values, with no indication of approaching constancy. The 
first reading obtained on inserting the electrodes in the solution was 
used to estimate the formal potential. The concentration of the neptu- 
nium(IV) was determined spectroi^otometrically, and the concentra- 
tion of neptunium (V) by difference. 

More satisfactory estimates of the potential of the couple were ob- 
tained from measurements in a system involving Np(IV), Np(V), Fe(II), 
and Fe(in) in oxidation -reduction equilibrium. A preliminary experi- 
ment showed that Np(V) was not reduced quantitatively by Fe(n) in 
1.04M HCl. A titration of 2.0 ml of 0.0042M Np(Vl) in l.OOM HCl was 
therefore made with a l.OOM Fe(n} solution in l.OOM HCl. The Fe(n) 
solution was prepared by dissolving a weighed quantity of iron in hy- 
drochloric acid. The reduction was allowed to proceed to equilibrium 
alter each addition of Fe(ll). The reduction of Np(VI) to Np(V) was 
instantaneous, but for the 0.0042M Np(V) solution the reduction to 
Np(rv) took approximately 80 min to reach equilibrium after each ad- 
dition of Fe(n). The titration was followed spectrophotometrlcally. 
The concentration of Np(IV) was calculated from the optical density 
of the 723 -mp band, and the concentration of the Np(V) by difference. 
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The height of this band for the completely reduced Np(IV) solution was 
obtained by adding stannous chloride after the completion of the Fe(ll) 
titration. 

In addition to the titration curve obtained above, two additional ex- 
periments were performed in the same manner. Potential readings 
were taken at two ratios of Np(rv) to Np(V) in each experiment. 


Table 1 — Potential Measurements on the Neptunium (IV)/(V) Couple 
in l.OOM HCl, with 0.00423M Np at 25°C 


Fraction Np 


E (obs.), 


as Np(rV) 

[Np(V)l/[Np(IV)J 

volts 

£f, volts 

0.1655 

5.042 

0.530 

-0.734 

0.3327 

2.006 

0.510 

-0.737 

0.5586 

0.7902 

0.407 

- 0.738 

0.6913 

0.4465 

0.471 

-0.732 

0.9137 

0.0944 

0.440 

-0.746 
-0.737 (av.) 


Table 2 — Potential Measurements on Neptunium (IV)/(V) Couple in l.OOM HCl at 25”C 



Fraction Np 


E (obs.), 



as Np(IV) 

[Np(V)J/[Np(IV)] 

volts 

Ef , volts 

0.00366 

0.8326 

0.1674 

0.453 

- 0.739 

0.00366 

0.9612 

0.0386 

0.423 

-0.750 

0.00274 

0.5967 

0,6759 

0.491 

0.746 

0.00274 

0.8655 

0.1293 

0.430 

-0.727 

0.00396 

0.8019 

0.2470 

0.474 

- 0.737 

0.00396 

0.9189 

0.0863 

0.436 

-0.725 
-0.737 (av.) 


(b) Results . The drifting emf showed clearly that the couple is not 
readily reversible at the platinum electrode. The estiniated potential 
of the couple based on the initial observed emf of the two solutions 
was -0.68 and -0.72 volt, respectively. 

From the titrations of Np(V) with Fe(II), a number of values of the 
couple potential have been obtained. The data are summarized in 
Tables 1 and 2. The average of the data gives -0.737 ± 0.006 volt for 
the neptunium (IV)/(V) couple in IM HCl. 

2.2 The Neptunium (IV)/(V) Couple in IM H^SO^. (a) Experimental. 
Attempts were made to measure the oxidation potential in l.OM l^SO^ 
solutions containing various ratios of Np(IV) to Np(V), using a satu- 
rated potassium chloride -mercury -mercurous chloride reference 
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electrode. The emf of the cell was not steady upon Insertion of the 
platinum electrode but drifted to lower values. After several hours of 
standing, the emf appeared to have reached a constant value. Stirring 
the solution however, resulted in erratic changes of the emf. 

A limiting measurement on the potential of the neptunium (IV)/(V) 
couple In sulfuric acid was obtained in a solution containing Np(IV), 
Np(V), Fe(n), and Fe(ln) ions in oxidation -reduction equilibrium. A 
slight excess of ferrous ion was added to a Np(V) sulfate solution, and 
the reduction was allowed to proceed to equilibrium. The potential of 
the cell relative to the saturated potassium chloride -mercurous chlo- 
ride electrode was then measured, and the absorption spectrum was 
taken for the purpose of estimating any Np(V) remaining. 

(b) Calculations and Results . The few attempts to measure the 
neptunium (IV )/(V) couple potential in sulfate solution have shown that 
the couple is not readily reversible at the platinum electrode. The 
meas\ired potentials are unstable, and the formal potentials, calculat- 
ed at different Np(V) to Np(IV) ratios, vary as much as 40 mv. 

The potential of the couple in IM H^SO^ was delimited as follows: 
At a measured potential of 0.543 volt relative to the saturated calomel 
electrode in a solution containing ferrous, ferric, and neptunium ions, 
spectrophotometric examination showed no detectable Np(V) present. 
If the limit of detection of Np(V) is arbitrarily set at 1 per cent, the 
potential limit is set by the equation 

Ej = -E + E'iij.jigci + 0-059 log 0.05 (1) 

Solution of equation 1 gives -0.91 volt as the most positive value 
possible for the formal potential of the couple. 

A reliable value for the couple may be obtained from the dispropor- 
tionation equilibrium' of Np(V) in l.OM HjSO^ and the formal potential 
of the neptunium (V)/(VI) couple (see Sec. 3). 


2 Np(V) = Np(rv) + Np(VI) 

(2) 


(3) 

K,b. >0.024 

(4) 


The formal potential of the neptunium (V)/(VI) couple in l.OM HgSQ, 
is -1.082 volts, and the calculated value of the neptunium (IV)/(V) 
couple is -0.99 volt. 
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3. THE FORMAL POTENTIAL OF THE NEPTUNIUM (V)/(IV) COUPLE 
AND ITS DEPENDENCE ON HYDROGEN-ION CONCENTRATION 

3.1 Experimental . The couple 'was measured in l.OM HCl solution 
during the course of a stannous ion reduction of Np(VI). Cell A con- 
sisted of a bright -platinum -wire anode and a silver— silver chloride 
cathode 


Ag-AgCl; Np(V), Np(VI), Sn(IV), Cl”; Pt 

The neptunium was reduced by adding an aliquot of 0.05M SnCl, and 
measuring the potential after equilibrium was established, as judged 
by a constant optical density for the 984-mfi Np(V) absorption band. 
Reduction of Np(VI) by chloride caused a slow falling off of the meas- 
ured potential, so the first reading obtained upon inserting the elec- 
trode was taken as most nearly representing the true potential. 

Permanganate -ion titration of Np(V) provided various ratios of 
Np(VI) to Np(V) for the calculation of the potential of the couple in 
l.OM H 2 SQ 4 . The potential of the solution was determined in reference 
to a mercurous sulfate cathode with bright -platinum anode and a l.OM 
HgSO^ bridge, cell B. 

Hg-HgjSO^; l.OM HjjSO,; Np(V), Np(VI); Pt 

The observed potentials were stable. 

The hydrogen -ion dependency of the neptunium (V)/(VI) couple was 
measured in constant nitrate -ion concentration and varying hydrogen 
ion from 0.12M to 1.02M. From a 0.6M UNO, stock solution, 0.0093M 
in Np, 100-microliter portions were diluted to the constant volume of 
0.5 ml with appropriate volumes of 5M HNC^, 1.12M NaNQ,, and water 
to establish the desired range of hydrogen-ion compositions (see 
Table 3). 

The cell used, cell C, was 

Hg-HgCl; sat. KCl; sat. KNO,: iT, Na+, NO,", Np(V), Np(VI); Pt 

Since a 20-mv variation In potential was found between the 0.12M and 
1.02M hydrogen -ion solutions, an attempt was made to determine the 
relative Junction-potential effects by comparing the potential differ- 
ence between two saturated calomel electrodes. One calomel cell 
used was the asbestos-wick type, whereas the other, which was used 
In the neptunium cell, made connection to a middle compartment by a 
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saturated potassium nitrate bridge. The composition of the middle - 
compartment solution was changed from O.IM to l.OM If*', but a 
constant nitrate composition of l.OM was maintained in a manner 


Table 3 — Hydrogen-ion Dependence of the Neptunium (V)/(VI) Couple 


[Np(VI)]/[Np(V)l 

[NO,], 

moles/liter 

H", 

moles/liter 

E (obs.), 
volts 

0.96 

1.02 

1.02 

0.B92 

0.96 

1.02 

0.62 

0.900 

0.96 

1.02 

0.42 

0.904 

0.96 

1.02 

0.22 

0.910 

0.96 

1.02 

0.12 

0.912 


analogous to the neptunium couple measurements. The make-up of 
cell D was 

Hg-HgCl; sat. KCl: HNOa: NaNO,: sat. KNO,: sat. KCl; HgCl-Hg 

In Table 4 the measured potential of the saturated calomel half cell 
connected through the nitrate bridge is given for the two middle - 
compartment solutions. 


Table 4 — Relative Junction Potential of Saturated Potassium 
Nitrate Bridge 

Potential, 

Solution volts 

l.OM HNQ,, l.OM no; 4^0.0031 

O.IM HNOj, l.OM no; -0.0072 


3.2 Calculations and Results . The formal potential of the neptu- 
nium (V)/(VI) couple in l.OM HCl was calculated in two ways from the 
data obtained. The results of the first method are given in Table 5. 
The ratios of Np(VI) to Np(V) for the emf equation were obtained 
directly from the density of the 983 -mp band of Np(V) and the volume 
of the solution according to the following: 

dV 

micromoles of Np(V) = (5) 

dV 

micromoles of Np(VI) = total micromoles of Np (6) 
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where d = optical density of 983- m;x band 

E = molar extinction coefficient of 963 -mp band = 201 
V s volume of solution, microliters 
c = spectrophotometer cell length = 0.5 cm 

The formal potential, Ef , was calculated from the equation 

Ef = EAg.Agci + 0.0591 log acr - E (meas.) + 0.0591 log (^) 

where EA^-Agci = ~0.222 volt (standard potential of silver -silver 
chloride electrode) 

a Cl- = 0.84 (mean activity of Cl~ in IM HCl) 

Although it is believed that the cell behaved reversibly in these meas- 
urements, two complicating factors reduced the precision of meas- 
urement: first, Np(VI) is slowly reduced by chloride in the presence 
of platinum, and second, the reduction of Np(VI) by Sn(ll) is rather 
slow, so that attainment of equilibrium is somewhat uncertain. 

The second method of utilizing the data gave more consistent re- 
sults (see Table 6). The spectrophotometric densities were disre- 
garded except for determination of equilibrium after each addition of 
stannous chloride solution. The amount of Np(VI) in the solution was 
obtained by subtraction according to the reaction equivalence 

2Np(VI) + Sn(II) = 2Np(V) + Sn(IV) (8) 

A few measurements of the molar extinction coefficient of the Np(V) 
963 -miu band, at different concentrations of Np(V), have shown that 
the extinction coefficient varies with concentration; therefore, the 
potential calculations based on optical density are not reliable. The 
better agreement in the calculated values obtained by the second 
method places the formal potential for the neptunium (V)/(VI) couple 
in l.OM HCl at -1.135 ± 0.010 volts. 

Table 7 gives the spectrophotometrically determined concentrations 
of Np(V) and Np(Vl), the observed potential, E, and the calculated for- 
mal potential, Ef , obtained in the potentiometric titration of Np(V) 
with O.IN KMnp, in l.OM H2SO4. The formal potential was calculated 
from the equation 


E, =-E -0.673 + 0.059 log (9) 

The term, -0.673 volt, is believed to be a close approximation to the 
potential of the mercurous sulfate electrode referred to the standard 
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Table 5 — Formal Oxidation Potential for the Neptunium (V)/(V1) Couple in 
IM HClt (Total Np = 2.70 micromoles) 


Np solution, 


Np(V), 

Np(V), 

E (obs.), 

Ef. 

microliters 


micromoles 

micromoles 

volts 

volts 

500 

0.169 

0.94 

1.84 

0.912 

-1.135 

502 

0,239 

1.20 

1.58 

0.904 

- 1.137 

503 

0.292 

1.47 

1.31 

0.900 

-1.137 

506 

0.378 

1.91 

0.87 

0.091 

-1.151 

509 

0.450 

2.29 

0.49 

0.875 

-1.155 


t Three additional readings were discarded because of uncertainty as to the volume 
of the solution. 


Table 6 — Formal Oxidation Potential for the Neptunium (V)/(VI) 
Couple in IM HCl 


SnCl*. 

Np(V). 

Np(VI). 

E (obs.), 

Ei, 

micromoles 

micromoles 

micromoles 

volts 

volts 

0 

0.96 

1.02 

0.912 

-1.135 

0.076 

1.11 

1.67 

0.904 

-1.134 

0.152 

1.26 

1.52 

0.900 

-1.135 

0.303 

1.57 

1.21 

0.091 

-1.138 

0.454 

1.07 

0.91 

0.875 

-1.134 

0.606 

2.17 

0.61 

0.063 

-1.136 

0.750 

2.46 

0.32 

0.842 

-1.135 

0.91 

2.70 

0 




Table 7 — Formal Oxidation Potential for the Neptunium (V)/(V1) 
Couple in l.OM H,SO«t 

Np(VI), Np(V), E (obs.), E,, 


molarity 

molarity 

-0.059 log [Np(Vll/[Np(V)] 

volts 

volts 

0.00084 

0.00676 

0.0536 

0.356 

-1.0026 

0.00129 

0.00558 

0.0376 

0.3665 

-1,0771 

0.00242 

0.00474 

0,0173 

0.3667 

-1.0770 

0.00334 

0.00379 

0.0033 

0.4060 

-1.0823 

0.00434 

0.00256 

-0.0136 

0.4238 

-1.0632 

0.00546 

0.00120 

-0.0372 

0.4470 

-1.0836 

0.00601 

0.00065 

-0.0571 

0.4679 

-1.0038 

0.00628 

0.00034 

-0.075 

0.407 

-1.003 


fThe average potential for the neptunium (V)/(VI) couple in l.OM H 8 S 04 is -1.0B2 
10.002 volts. 
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hydrogen electrode in l.OM II2SO4. The mean activity coefficients for 
sulfuric acid calculated by Harned and Hamer’ cannot be used In 
evaluating the mercurous sulfate electrode potential at finite sulfuric 
acid concentrations because of Incomplete dissociation. It is nec- 
essary, therefore, to make some reasonable guesses to obtain a value 
for the mercurous sulfate electrode potential. Since the dissociation 
constant^’ for HSO4 s H'*' + S07~ Is only about 0.01, the hydrogen-ion 
concentration in Im H2SO4 is very nearly Im and the sulfate-ion con- 
centration is about 0.01m. The ionic strength in Im HgSQi should be, 
therefore, close to unity. The mean activity coefficient" of hydrogen 
ion in Im HCl (ionic strength unity) is 0.84. 

Hamer" observed the potential of the mercurous sulfate electrode 
referred to the hydrogen electrode to be 0.676 volt in Im H2SO4. 
Neglecting the difference between the molal and molar scales and as- 
suming that the activity coefficient of hydrogen ion is 0.84, it may be 
calculated that the mercurous sulfate electrode potential is -0,673 
volt referred to the standard hydrogen electrode in l.OM I4SO4. 

The hydrogen-ion dependency of the neptunium (V)/(VI) couple po- 
tential is calculated for the nitrate solution from the emf of cell C by 
the equation 


E, = -E (meas.) + + 0.059 

+ 0.059 log [H+l* (10) 

As the experiment was carried out, Ef or E (meas.) should remain 
constant unless the liquid- junction potential, Ej, varies or the couple 
has a hydrogen-ion dependence. In the latter case, E| should become 
more negative by 120 or 240 mv for a tenfold increase in hydrogen 
ion concentration, depending on whether equation b or c represents 
the process 


NpOj — Np^"*" + e" (a) 

NpO'*^’ + HjO - NpC^'^ + 2H+ + e" (b) 

Np+“ + 2HjO - Npf^"^ + 4H+ + e" (c) 

Examination of the data in Table 3 shows that the observed change of 

potential is small, 20 mv, and of the wrong sign to be explained by 
either process b or c. This result indicates that there may be a con- 
siderable liquid- junction effect in cell C. A simple explanation for 
this observed change in potential of cell C in going from O.IM H'^'to 
l.OM may be given on the basis of the high mobility of the hydrogen 
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Ion as contrasted with the other ions involved at the Junctions, Cell D 
serves to test this hypothesis. 

The only variables In cell D were the hydrogen -ion and sodium -ion 
concentrations, the nitrate-ion concentration being held constant. 
Since the mobility of the sodium ion is approximately the same as that 
of the potassium ion, it may safely be assumed in this case that the 
variations in junction potential may be attributed, in the main, to the 
hydrogen ion. Since the right-hand electrode of the cell as written be- 
comes more positive with increasing hydrogen -ion concentration, the 
saturated potassium nitrate bridge must be less effective in opposing 
hydrogen -ion diffusion than the saturated potassium chloride bridge. 
The potentials at the two bridge junctions due to hydrogen ion are in 
opposition so that the observed potential variation of about 10 mv is a 
minimum value for the actual variation of the junction potential be- 
tween saturated potassium nitrate and O.IM to l.OM H'*' (Table 4). The 
emf of cell C was observed (Table 3) to become smaller with increas- 
ing hydrogen -ion concentration, corresponding to the tendency of the 
potential of the calomel electrode connected through the nitrate 
bridge to become more positive. The observed variation of 20 mv is 
probably almost entirely due to change in the liquid -junction potential. 

4. DISCUSSION 

No attempt has been made to apply corrections for liquid junctions 
in the derivations of formal potentials from emf measurements of 
cells including salt bridges. Only in the case of the measurements of 
the potentials involved in the determination of the hydrogen-ion de- 
pendency of the neptunium (V)/(VI) couple has an attempt been made 
to estimate the magnitude of the liquid jimction. The measurements 
made in the latter case have been found to be consistent with the view 
that the change in potential observed with the change in hydrogen -ion 
concentration can be accounted for by a change in liquid-junction po- 
tential. 

Sidce the neptunium (IV)/(V) couple is irreversible in both IM HCl 
and IM H 2 SO 4 , direct potentiometric measurements cannot be made. 
The irreversible behavior of the (IV)/(V) couples is exhibited by both 
uranium^ and plutonium. It is considered probable that the explana- 
tion of this behavior lies in the mechanism of oxygenation of the ions 
of the pentaposltive state. X-ray diffraction studies indicate that the 
oxygens attached to the hexapositlve “yl” ions of this series are 
bonded to the central metal atom by partially covalent forces. This is 
probably true in the case of the pentaposltive ions as well since the 
(V)/(VI) couples are reversible. The irreversibility of the (IV)/(V) 
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couples would then be attributable to the very slow removal of these 
covalent-bonded oxygens at a noble-metal electrode. A similar be- 
havior has been observed in the case of tungsten and molybdenum so- 
lutions. Whereas the (V)/(VI) couples are reversible or partially 
reversible for both these elements, the (VI)/(V) couples are irrevers- 
ible in hydrochloric acid solutions.*^’*® In each case the (IV)/(V) cou- 
ple becomes reversible when the metal forms covalent octocyanide- 
complex lons.>* 

The values of the formal potentials, -0.74 volt in IM HCl and —0.09 
volt in IM l^SQ,, are approximations, which are considered to be ac- 
curate to within about 0.01 volt. The shift in potential from —0.74 volt 
in chloride to -0.99 volt in sulfate is also consistent with the expected 
preferential complex formation of the Np'*'^ ion with respect to the 
oxygenated NpO^ ion. 

The neptunium (V)/(V1) couple potential has been found to be -1.135 
volts in IM HCl, -1.14t volts in IM HNO,, and -1.082 volts in IM 
HjSQ,. Investigation of the hydrogen-ion behavior of the couple in 
nitrate solution has further revealed that the potential of the couple is 
Independent of hydrogen-ion concentration between O.IM If*' and IM 
H^. Several lines of evidence have led to the conclusion that the hexa- 
posltive ions of both uranium and plutonium are “yl” ions in acid so- 
lutioii* having the formula XO^'*'. Isolation of the salt NaNpO2(C2Hs0^)j 
analogous to NaU02(C2H302)3 and NaPu02(C2H302)3, has supplied partial 
evidence that a hexapositlve ion of neptunium, of the formula NpO,'*', 
also exists. In addition both the uranium (V)/(VI) and plutonium 
(V)/(VI) couples*’* are hydrogen-ion independent in the same range of 
acid concentrations as is the neptunium (V}/(VI) couple. This be- 
havior is interpreted to mean that the pentaposltive ions in moderately 
acid solution probably have the formula, XO^. 

The 50-mv difference in the potential of the neptunium (V)/(VI) 
couple in sulfuric acid from that in either nitric or hydrochloric acid, 
both of which probably complex the Np(V) or Np(VI) ions only slightly, 
can be interpreted as evidence for complex formation involving Np(VI) 
and sulfate ion. This view is supported by the transference experi- 
ments of McLane, who showed that Np(VI) forms a negatively charged 
complex ion even in concentrations of sulfuric acid as low as O.IM.*^ 

Direct observation of the stabilities of the various oxidation states 
are in agreement with what would be expected on the basis of the oxi- 
dation potentials. Np(ni) in IM HCl is extremely unstable to air oxi- 


tThls value Is not strictly comparable to the formal potentials In hydrochloric or 
sulfuric acid, since a more complex system of liquid Junctions was present In the cell 
used for measurement. 
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datlon and can be maintained In solution only by using precautionary 
measures to exclude oxygen. Both the tetraposltlve and pentaposltlve 
states have been found to be stable In l.OM HCl over periods of days. 
From the potential of the neptunium (IV)/(V) couple of -0.74 volt, air 
oxidation of Np(IV) to Np(V) can occur, although the reaction Is evi- 
dently slow. Np(V) would be expected to be very stable in hydrochloric 
acid on the basis of the potential measurement. This Is In agreement 
with the observed facts. Np(VI) Is not stable in hot hydrochloric acid, 
being slowly reduced to Np(V). Although the reaction with hydrochloric 
acid Is very slow at room temperatures, contact with platinum cata- 
lyzes the reduction so that Np(V) Is produced at an appreciable rate at 
the platinum surface. Watters’ measurement of the neptunium (III) /(IV) 
couple indicates that Np(III) will reduce hydrogen ion in sulfuric acid 
and, therefore, probably could not be maintained long in solution even 
if air were excluded. Np(IV) and Np(V) appear to be quite stable in 
l.OM I^SOf. Np(in) undoubtedly cannot be produced in a nitrate solu- 
tion, and Np(IV) is slowly oxidized to Np(V) in nitric acid. Np(V) so- 
lutions have been prepared in IM HNOj with no spectrophotometric 
evidence of disproportionation into Np(IV) and Np(VI). It is eimected 
that the Np (IV)/(V) potential in IM HNO, is close to that in hydro- 
chloric acid. 

Np(V) disproportionates to a considerable extent in l.OM H^SO^ 
because of complexlng of Np(rV) and Np(VI) by the sulfate ion. In high 
concentration of sulfuric acid Np(V) would be unstable since, in ad- 
dition to the sulfate effect, the disproportionation probably has a 
fourth-power hydrogen-ion dependence. 

5. SUMMARY 

The formal oxidation potentials for the various neptunium couples 
have been measured in l.OM HCl. These may be represented sche- 
matically as follows: 


-0.670 roU 

1 -0.417 volt 

I I 

jgp+ S -0.H7 vott J^p+< -0.737 volt NpC** *■***”**» NpO'*"*' 

I I 

-0.030 vott 


The neptunium (III)/(IV) and neptunium (V)/(VI) couples have been 
found to behave reversibly, but the neptunium (IV)/(V) couple In Irre- 
versible. In the latter case measurements of the potential in a system 
in equilibrium with Fe(II) and Fe(III) have been used to obtain the 
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value of the couple. The neptunium (V)/(VI) couple M p been found to 
be Independent of hydrogen-ion concentration in the range O.IM to 
l.OM hydrogen Ion at a constant l.OM nitrate concentration. Partially 
on the basis of this result It has been concluded that the probable 
formula of the neptunium(V) Ion is NpO^. 

Because of preferential complexing of neptunlum(IV) and neptu- 
nlum(VI) by sulfate, the potentials of the couples in l.OM HjSO^ are 
altered. The scheme in this acid is 

Np(IV) Np(V) ^ Np( VI) 

I I 

—l.M volts 
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THE BASIC DRY CHEMISTRY OF NEPTUNIUM t 
By S. Fried and N. R. Davidson 


1. INTRODUCTION 

Identification of solid reaction products by means of an analysis of 
their x-ray diffraction patterns can be carried out rapidly and, in 
favorable cases, with less than 10 fig of material, This is particularly 
true when the compound produced is isomorphous with known com- 
pounds of other elements. Accordingly, the compounds of neptunium 
were in most cases identified by the x-ray method in the laboratory 
of Dr. W. H. Zachariasen, and the composition was inferred from a 
consideration of the crystal form and lattice dimensions. 

By use of x-ray methods, together with the development of tech- 
niques for handling microgram quantities of solids and a considera- 
tion of the methods of preparation, it has been possible to elucidate 
the structure and/or composition of the several neptunium compounds 
known in the dry state. 


2. TECHNIQUES 

It is appropriate at this point to describe some of the more common 
techniques used in the handling of solids on the ultramicro scale. 
Some of the techniques described were developed by P. L. Kirk and 
coworkers early in the work on this project, while others were de- 
veloped by various members in the course of their own work. 

A great deal of effort was expended in developing methods for the 
preparation of samples for x-ray diffraction analysis since, as men- 
tioned above, most of the analyses were done by this method. This 


tContrltMtlon from the Chemistry Division of the Metnllurglcnl Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based largely on work reported in Metallurgical Project Report CN-3381 (Decem- 
ber 1945). 
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involved the preparation of samples of the order of 5 4 g in a suitable 
form and mounted in very thin-walled glass capillaries. 

A brief discussion of the basic experimental techniques is pre- 
sented in the following paragraphs. 

2.1 Preparation of Capillaries for X-ray Samples . In order to 
obtain satisfactory x-ray diffraction patterns of microgram quan- 
tities of a solid in a glass capillary, the wall thickness must not be 
greater than 0.030 mm. One of the most satisfactory methods of ob- 
taining capillaries with this specification is as follows: a 4 -in. length 
of well-cleaned 10 to 12 mm diameter pyrex tubing is drawn down by 
means of a sharp oxygen-gas flame as shown in Fig. 1. The con- 
stricted tube is then heated with an air-gas flame at point A until it 





Fig. 1 — Constricted 12-mm pyrex tubing for use in preparing x-ray capillaries. 


is sufficiently soft and is then rapidly drawn out to a thin capillary. 
Capillaries of 0.100 mm inside diameter and a wall thickness as low 
as 0.010 mm may be readily produced by this technique. Capillaries 
of these dimensions may be cut by gently scratching the capillary at 
the desired point with a small fragment of porous clay chip. It will 
be found that light pressure will cause the capillary to break cleanly 
at the scratched point. The end of the capillary may be satisfactorily 
sealed by a very small flame. Care should be taken to prevent over- 
thickening of the glass at the bottom of the capillary since an increase 
in wall thickness enhances the diffuse scattering of the x-ray beam 
and thus intensifies background darkening on the film. 

Quartz capillaries are much more difficult to make.- Ten milli- 
meter quartz tubing with a 1 -mm wall may be drawn into satisfactory 
x-ray capillaries by means of a sharp oxyhydrogen flame in the same 
manner as described above except that a soft oxyhydrogen flame 
is used for the final drawing instead of an air-gas flame as in the 
case of pyrex. These quartz capillaries are generally not circular In 
cross section, nor are they of uniform wall thickness. 

2.2 Filling X-ray Capillaries . Since these tubes are of small di- 
ameter and very fragile, it is generally preferable to leave the large - 
diameter stem attached rather than try to fill the fine tube directly. 
The latter may be done under low magnification, however. The x-ray 
capillary with attached stem is illustrated in Fig. 2. These tubes may 
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be held for observation on the stage of a dissecting microscope by 
means of a lump of modeling clay placed at C. Particles of the solid 
may be Introduced into the larger tube in any convenient way, but care 
should be taken not to put in too much material at one time or to add 
particles too large to fall to the bottom of the capillary. In general, 



i 


Fig. 2 — X-ray capillary with attached stem. 


powders may be persuaded to fall to the bottom of a fine capillary by 
holding it in a vertical position and tapping sharply at C. Sometimes 
light rubbing at B with a knurled edge or a file will shake the powder 
loose from the walls into the capillary. Vibration should not be at- 
tempted at points lower than B because of the danger of breaking the 
capillary. 

After the particles have been satisfactorily packed into the end of 
the capillary, it may be sealed off at A. If desirable, the stem of the 
capillary may end in a ground joint so that the entire system may be 
evacuated before sealing. 

2.3 Emptying Capillaries. It is frequently necessary to reuse 
material submitted for x-ray analysis. In such case, the capillary 
(usually to in. long) is held lightly in the fingers and opened by 
scratching with a porous clay chip. The opened capillary is then at- 
tached to a stout wire with a bit of clay as shown in Fig. 3. The wire 
Is then tapped sharply at A, causing the contents of the capillary to 
fall out into the container. 

3. PREPARATION OF SOUDS FROM SOLUTION 

The preparation of solids from solutions involves either evapo- 
ration of the solvent or precipitation from solution by a chemical 
reagent. Evaporation may be carried out from small platinum boats. 
These boats are usually rectangular in shape, 6 by 3 mm by about 
3 mm deep. A solution of a heavy-metal nitrate can be placed in a 
boat such as this, the solution evaporated to dryness, and if neces- 
sary, the nitrate ignited to an oxide. Samples of the oxide or nitrate 
can be removed from the boat by means of a needle and Introduced 
Into an x-ray capillary for examination. As an alternate procedure, 
the oxide can be treated with other reagents to produce new com- 
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pounds. These operations can very easily be carried out on the 50-p,g 
scale. 

In precipitation of solids from solution, the following technique was 
found very satisfactory in the case of substances precipitating in a 



Fig. 3 — Method of removing material from x-ray capillaries. 


bulky gelatinous form (such as certain hydroxides) . These hydroxides 
can be precipitated, washed, and centrifuged in a microcone. This 
leaves the desired product tightly packed at the bottom of the cone. 
The supernatant liquid is removed by a micropipet, and the cone and 
contents are then dried slowly at about 70°C. It is found that the pre- 
cipitate has a tendency to shrink away from the walls of the cone un- 
der most conditions so that it forms a single loose piece, or at most, 
several pieces. Various reactions can now be performed on these 
small amounts of material in situ, or the material may be transferred 
to an x-ray capillary made with a ground joint. When such a system 
is connected to a vacuum line, various chemical reactions of the hy- 
droxides, such as their reaction with gaseous reagents, may be 
studied. 

This t}rpe of manipulation, for example, lends itself to the prepara- 
tion of halides. These may later be sublimed onto the walls of the 
capillary, after which the capillary may be sealed off to the proper 
length and the contents (both the sublimate and residue) studied by 
x-ray diffraction. 

3.1 Neptunium Dioxide and Sodium Neptunyl Acetate . These two 
compounds were the first definitely identified neptunium compounds 
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prepared. They were both prepared by Magnusson and LaChapelle,^ 
the oxide by ignition of a hydroxide precipitate, and the neptunyl ace- 
tate by a method similar to that used for the preparation of the anal- 
ogous uranium and plutonium salts, i.e., precipitation from a Np(VD 
solution with sodium acetate. 

Neptunium dioxide is a brownish material that has a cubic struc- 
ture and is isomorphous with UOj and PuOj.’ Sodium neptunyl acetate, 
NaNp 02 (C 2 H 302 ) 3 , is pink under 30x magnification by transmitted light 
and pale green by reflected light; it is isomorphous with the corre- 
sponding plutonium and uranium compounds 

3.2 NH^NpaFg . This compound was also prepared by LaChapelle 
and Magnusson by adding hydrofluoric acid to a Np(IV) solution con- 
taining ammonium ion. NH^NpgFg is isomorphous with KThgF, and 

KujFg. 

3.3 Preparation and Properties of NpFj and NpF^ .t Neptunium 
trifluoride and neptunium tetrafluoride were prepared by the following 
reactions:^ 


NpOj + l-iHj + 3HF - NpFj + 2H20 (1) 

NpFj + 1/4 O 2 + HF - NpFg + ‘/2 HjO (2) 

For the preparation of NpF,, Np(IV) hydroxide was precipitated in a 
microcone by treating a solution containing 50 pg of Np(IV) (at a con- 
centration of 1 g per liter in dilute sulfuric acid) with gaseous am- 
monia. The gelatinous precipitate was washed and dried in an oven at 
TO^C to a dry pellet; this was transferred to a platinum vessel (made 
from the cover of a 1-ml J. Lawrence Smith crucible with a platinum 
holder spot -welded to it). The platinum vessel was placed in an all- 
platinum hydrofluorination apparatus and treated with a hydrogen - 
hydrogen fluoride (approximately 1 to 1) mixture for IVi hr at SOO’C. 
The system was cooled in the hydrogen -hydrogen fluoride mixture, 
which was then pumped out and replaced with nitrogen. The reaction 
product was crushed and transferred to an x-ray capillary for exami- 
nation by Dr. W. H. Zachariasen. He reported that the sample con- 
tained approximately 25 per cent Pt and 75 per cent NpF,, which is 
Isomorphous with PuF,, UF,, and LaF,.’ 

After a metallic -looking flake of platinum was removed from the 
sample of NpF,, the remainder was transferred back to the plati- 
num crucible and treated in the hydrofluorination apparatus with an 


tThe authors 'vlsh to acknowledge the valuable assistance of A. E. Florin In this 
stage of the preparation. 
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oxygen— hydrogen fluoride mixture for 1 hr at 500"C. The light-green 
reaction product proved to be NpF^.’ 

The NpFj, as observed with about 25 jtxg of material, was black in 
appearance, reminiscent of the ‘'black fluoride,” PuF„ which was 
encountered so frequently when the plutonium fluorides were first 
being prepared on the microgram scale. Preparations on the 250-4g 
scale, which were free of platinum, appeared dark purple, darker than 
PuF,. The NPF 4 was a light -green material. 

These reactions for the preparation of the neptunium fluorides are 
analogous to reactions for the preparation of PuF, and PUF 4 from 
PuO^ and PuF,, respectively. It may be inferred that the direct syn- 
thesis of NpF 4 from NpOj 

NpOj + 4HF - NpF4 + 2 H 2 O (3) 

will take place with hydrogen fluoride free of hydrogen. Reaction 1 
does not take place with UOg; at 500°C the action of a hydrogen- 
hydrogen fluoride mixture gives UF 4 . Neptunium tetrafluoride has 
also been synthesized directly from the oxide by the action of an 
oxygen -hydrogen fluoride mixture at 500“C.'' 

One incidental observation on the properties of NPF 4 has been made. 
It was desired to convert the sample toNpOj for further experiments; 
the NPF 4 was placed In a microcone with 50 microliters of concen- 
trated nitric acid and evaporated to dryness at 70'’C. The sample 
retained its color and shape and had evidently not been attacked. 

3.4 Neptunium Hexafluoride . This compound was prepared by 
A. E. Florin according to the following reaction:” 

2NpF, + SFj — 2NpFg 

The reaction was carried out by heating a sample of NpF, on a nickel 
filament in a stream of fluorine and condensing the volatile NpF, in a 
thin-walled capillary U tube. The walls of the u tube were thin enough 
so that when it was sealed off both below and above the mass of col- 
lected material, it could be submitted directly for x-ray examination. 

The NpF, as prepared by this method from 0.5 mg of NpF, con- 
sisted of a mass of brownish-white crystals, which were shown to be 
isomorphous with UF,.” The melting point was determined as 53'‘C 
under its own pressure at that temperature. This substance seemed 
to be quite volatile and could be sublimed from one end of the capil- 
lary to the other by slight warming. Even cooling one end of the cap- 
illary while the other remained at room temperature was sufficient 
to cause sublimation. 
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The ingenious apparatus used in this preparation is shown in Fig. 4. 
3.5 Preparation and Properties of NpCl, and NpClf It was of in- 
terest to investigate the reaction of a neptunium compound with car- 



Fig. 4 — Apparatus for tli€ preparation of neptunium hexafluoride. 


bon tetrachloride. Uranium dioxide or oxalate reacts with carbon 
tetrachloride vapor at 450 to 500*C according to the reaction 


up, + 2CC1* . VClt + 2COCla 


(4) 
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The UCI 4 slowly sublimes out of the reactor. Plutonium dioxide, on 
the other hand, does not react completely with carbon tetrachloride 
below 750 to SOO’C. At this temperature, the reaction is 

PuOj + 2 CCI 4 - PuCl, + 2COCla + HCl, (5) 


The PuClj is obtained as a green sublimate. 


TO VACUUM 



It has been found that Np(IV) oxalate (or the dioxide) reacts with 
carbon tetrachloride vapor at SOOT to give a yellow sublimate of 
NpCl,.* In this respect, therefore, neptunium is more like uranium 
than plutonium in its chemical behavior. Just as UClf may be reduced 
with hydrogen to form UCl,, so NpClt reduced to NpCl,. 

Many anhydrous chlorides are extremely hygroscopic, and it was 
believed that transferring 50 -Mg samples of neptunium chlorides even 
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In the relatively anhydrous atmosphere of a dry box would result 
in hydration. Therefore, the preparations were carried out directly 
in an x-ray capillary. The apparatus used is shown dlagrammatlcally 
in Fig. 5. By manipulation of stopcocks B and C it is possible alter- 
nately to admit carbon tetrachloride vapor onto the neptunium com- 
pound at the bottom of the capillary, and then to pump it out along with 
the volatile reaction products. During the time when the capillary is 
evacuated, any volatile neptunium chloride formed has an opportunity 
to sublime up to the cold portion of the capillary. The heating block 
was wound with resistance wire, and the temperature determined by 
means of a thermocouple. 

The reaction and apparatus were tested with a sample of about 
50 pg of UOg. The temperature of reaction was 530°C, and the carbon 
tetrachloride was alternately admitted and pumped off every few min- 
utes. This was continued for about a half hour. Some dark material 
was observed to collect in the capillary just outside the hot nickel 
block. The capillary was sealed off in two parts, one containing the 
residue and the other containing the sublimate. Dr. Zacharlasen re- 
ported that the sublimate was UCl^ and the residue primarily UOj. 
The reaction system is evidently rather inefficient, since only a small 
portion of the UOg was converted to sublimed UCl, (perhaps 1 to 2 pg) . 
Fortunately, the small amount of material synthesized was disposed 
as a thin layer on the walls of the x-ray capillary, in such a position 
as to be maximally effective in producing diffraction. Hence, an in- 
terpretable, although weak, pattern was produced by these few micro- 
grams. 

In the experiment with neptunium about 20 pg of oven-dried (70*C) 
Np(IV) oxalatet was treated in the same manner described above. 
After a short time a yellowish sublimate formed in the capillary Just 
above the hot nickel block. The sublimate was only a small portion of 
the total amount of neptunium, perhaps 1 to 2 pg. The capillary was 
sealed off in two portions, and Dr. Zacharlasen reported that the 
residue was NpO, and the sublimate NpCLi, isomorphous with UCl, 
and ThCl 4 .^‘’ In later sjmtheses, on about the same scale, a larger 
fraction of the NpO, was converted to sublimed NPCI 4 by prolonged 
treatment with carbon tetrachloride vapor at 530°C. 


tThe oxalate was precipitated from a solution that was 0.8M In HNO, and O.IM In 
H,C,0,, and contained approximately 1 g of Np per liter. The neptunium was believed to 
be in the tetrapositive state because it was obtained from a neptunium sulfate solution 
that had been saturated with sulfur dioxide for 12 hr. The neptunium was precipi- 
tated with gaseous ammonia and redlssolved in nitric acid for the oxalate precipi- 
tation. The oxalate precipitated slowly as a crystalline material when an ammonium 
oxalate solution was added. The observed solubility of the oxalate (assay by Dr. J. C. 
Hindman) was 200 mg per liter. 
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The mode of synthesis and the volatilization of NpClf also indicate 
its close similarity to UCl, and suggest similar volatility, melting 
point characteristics, etc. A comparison of some of the physical 
properties of the isomorphous tetrachlorides is shown in Table 1. 

On the basis of the data In Table 1 it seems reasonable to predict 
that NpCl( will prove to be somewhat more volatile and lower melting 
than is UC1|. 


Tiible 1 — Comparison of the Isomorphous Tetrachlorides of Thorium, Uranium, and Neptunium 


1 

Lattice constants 
(tetragonal), A 

Refer- 

ence 

M.p., 

"C 

Refer- 

ence 

fsubl) 

Refer- 

ence 

Temp, at 
which v.p. 
is 10“® mm, 
“C 

Refer- 

ence 

a, 

Sh 

ThCl^ 

8,473 t 0.003 

7.486 * 0.003 

11 

770 

12 

50,000 

12 

473 

12 

UCl, 

8.206 1 0.009 

7.487 + 0.000 

11 

590 

13 

38,600 

14 

360 

14 

NpCl, 

8.25 1 0.01 

7.46 1 0.01 

10 

? 

1 


47,000 

15 

373 

15 


The reduction of NpCl, to NpCl, was carried out directly in the 
x-ray capillary in which the NpCl( had been formed. Several micro- 
grams of yellow-sublimed NpCl, were obtained as previously de- 
scribed. The nickel furnace was moved up to surround the NpCL, and 
maintained at 450”C. Hydrogen, purified by passing through hot cop- 
per and a liquid air-cooled charcoal trap, was admitted to 1 atm 
pressure into the reaction system through the stopcock B (Fig. 5). 
The hydrogen was allowed to react for 10 min and was then pumped 
out to remove the hydrogen chloride formed as a reaction product. 
Hydrogen was admitted twice more with subsequent pumping. Calcu- 
lations Indicated that these three treatments should provide a more 
than adequate supply of hydrogen to reduce several micrograms of 
NpCl, to NpCl,, provided the NpCl, is no more difficult to reduce to 
NpClg, than is UCl, to UCl,.^* The material in the capillary had di- 
minished in quantity, suggesting that some sublimation of NpCl, had 
occurred. Zachariasen*'' identified the residue as NpCl, Isomorphous 
with UCl, and PuCl,. The yellow color of the material had disappeared 
and the solid appeared white but somewhat iridescent. It is possible 
that NpCl, may actually be more highly colored, and that the observa- 
tions merely indicate the unreliability of color observations on such 
minute quantities. 

In later preparations of this compound the difficulty arising from 
volatilization of the NpCl 4 during the treatment with hydrogen was 
circumvented by treating the oxide with a mixture of hydrogen and 
carbon tetrachloride at relatively low temperatures (350 to 400^). 
When the reaction was completed, the NpCl, was sublimed out .at 750 
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to 80Q*C. For ttklB reaction It Is of course neo«8aai7 to use (|ttarta 
capillaries. 

Table 2 gives the lattice dimensions of the isomorphoos hexagonal 
trichlorides of uranium, neptunium, and plutonium. 

3.6 NpOCl,. This compound formed when a sample of NpCl^ was 
heated to 450*C In vacuum in a sealed capillary. Apparently residual 
oxygen (or water) adsorbed on the walls was present in sufficient 


Table 2 — Lattice Dimensions of UCl,, NpCl„ and PuCl, 
(Hexagonal Symmetry) 


Reference 


fljf ^ 


a^, A 


UCl, 

11 

NpCl, 

17 

PuCl, 

18 


7.428 t 0.003 
7.405 1 0.010 
7. 384 t 0,004 


4.312 t 0.003 
4.273 ± 0,005 
4.234 t 0.004 


quantity to oxidize (or hydrolyze) the NpCl, to NpOCl,. This compound 
appeared as clusters of light-yellow needles which could be sublimed 
at 550*C. An x-ray diffraction pattern of this material showed it to 
be Isomorphous with UOCI,. Attempts to reduce this compound to 
NpOCl with hydrogen at 450”C failed probably because of impurities, 
such as water, in the hydrogen, and the product was NpO,. 

3.7 Neptunium Tribromide and Neptunium Trilodide . It has been 
reported'” that UO, reacts with aluminum chloride at 250 to 500"C to 
form UCI4 according to the equation 

3UO, + 4A1C1, - 3 UCI 4 + 2Al,Oj ( 6 ) 

A modification of this method in which neptunium oxide was treated 
with aluminum metal and the appropriate halogen resulted in the 
formation of the corresponding trihalides.”” The reaction probably 
may be represented by the equation given below, with the qualification 
that any excess aluminum aids in reduction to the tripositive state. 

6 NpOj + 8 AIX 3 - 6 NPX 3 + 4AlaOj + 3Xa (7) 

Ninety micrograms of neptunium oxide, prepared by the precipita- 
tion of the hydroxide with gaseous ammonia from an acid sulfate solu- 
tion, was dried at 70'‘C for 12 hr so that it formed a small pellet at 
the bottom of a microcone. A quartz joint was drawn into a capil- 
lary approximately 0.1 mm in diameter with a wall thickness of 
0.015 mm. The capillary was sealed at the end, and the pellet of NpO^ 
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was Introduced. A small amount of aluminum metal (appiroxiaiatelF 
50 tig) was placed on top of the oxide, and the system was connected 
to a vacuum line. The contents were then dried by heating the tip of 
the capillary to 400*C for 15 min in vacuum. 

At this point bromine vapor that was free of chlorine and iodine 
was admitted to the mixture of the oxide and aluminum metal. The 
aluminum slowly reacted with the bromine at slightly elevated tem- 
peratures to form aluminum bromide, which condensed as a crystal- 


' L-... HEAVY-WALLED TUBING 


CAPILLARY CONTAINING 
■^NpOj + Al HALIDE 


Fig, 6 — Micro bomb tube for preparation of neptunium trlhalides. 


line solid just beyond the warm zone of the tube . When the lumen of 
the capillary was almost closed by the slug of aluminum bromide, the 
excess bromine was pumped out and the capillary was sealed off so 
that its length was about 4 in. 

The capillary was then placed inside a heavy-walled glass tube, 
which contained air at atmospheric pressure and was sealed at both 
ends. This system was inserted into a steel jacket and heated in a 
tube furnace to 350 to 400‘‘C for 12 hr. The air inside the heavy- 
walled tube tended to equalize the strain on the thin -walled quartz 
capillary as the pressure of the aluminum bromide developed. A 
sketch of this micro bomb tube is shown in Fig. 6. 

At the end of the heating period the heavy glass tube was opened. 
The capillary was found to contain a greenish melt. Excess aluminum 
bromide was removed by heating to 2 SOT and driving it to the cool 
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end of the c^lllary where It condensed. The portion of the capillary 
containing the aluminum bromide was sealed off from the end con- 
taining the relatively nonvolatile residue. 

On heating the residue to SOO'^C a silvery material, which was 
shown by z-ray analysis to be aluminum metal, sublimed out, and on 
further heating to B00*C a green material distilled, which was shown 
by the same method to be NpBr,, isomorphous with UBr,. The com- 
position of the nonvolatile residue under these conditions has not yet 
been determined. 



Table 3 — 

Lattice Dimensions of UF,, Nplg, j 

and Pul, 



(Orthorhombic Symmetry) 



Reference 

a,, A 

a,, A 

A 

Ul, 

11 

13.98 1 0.02 

4.33 t 0.02 

9,99 t 0,02 

Npl, 

22 

13.93 ± 0.04 

4.31 ± 0.03 

9.94 ±0.05 

Pul, 

23 

13.9 t 0.1 

4.29 1 0.04 

9.90 t 0.1 


Neptunium trllodide was prepared In an analogous manner from 
NpO,, aluminum, and iodine.’** After removal of the excess aluminum 
iodide the triiodide was sublimed at SOCC. It proved to be a brownish 
material (probably slightly contaminated with iodine) and was shown 
by the x-ray method to be isomorphous with Pul, and UI,. 

Table 3 gives the lattice dimensions of the isomorphous ortho- 
rhombic triiodides of uranium, neptunium, and plutonium. 

3.8 Neptunium Tetrabromide . It was found’' thatNpO, reacts with 
aluminum bromide in the absence of excess aluminum metal to give 
NpBr 4 . Fifty micrograms of neptunium oxide was placed in a thin- 
walled quartz capillary and dried in vacuum at 400'’C for 1 hr. Ap- 
proximately 250 fig of anhydrous aluminum bromide was added on top 
of the oxide, this operation being carried out in a dry box, and the 
system was evacuated and sealed off so that the length of the capillary 
was about 4 in. The capillary was placed Inside a heavy-walled glass 
tube as described above and heated to 350‘*C for 12 hr. 

At the end of the heating period the capillary was removed from 
the tube and the excess aluminum bromide was removed by sublima- 
tion at 250”C and by sealing off the portion of the capillary containing 
it. When the residue in the capillary was heated further to 500”C, a 
reddish-brown substance sublimed out; the x-ray diffraction pattern 
showed this to be NpBr 4 , isomorphous with UBr 4 . On still further 
heating to 800'’C a green material (NpBr,) distilled out, and at slightly 
higher temperatures a yellow one. The yellow substance has not been 
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identified. The amount of NpBr^ obtained was approximately 20 to 
25 per cent of the total volatile material. 

A consideration of the results shows that £q. 7 does not completely 
account for the formation of the tripositive neptunium bromide and 
that the free aluminum metal present in the experiment In which 
NpBr, was first produced performed a definite, though accessory, 
function in the reduction of the tetrabromide to the tribromide. 

The apparent stability of NpBr^ when sublimed in vacuum at 500®C 
is somewhat surprising in view of the calculations made by Brewer 
et al.,^^ which indicate that NpBr^ should be unstable. 

The existence of NpBr 4 in the solid state furnishes additional evi- 
dence that neptunium resembles uranium more than plutonium, and 
tends to confirm the evidence deduced from a study of neptunium 
solution chemistry. 

3.9 Preparation and Properties of Neptunium Metal . Neptunium 
metal was prepared by the reaction of barium vapor with NpF 3 at 
1200®C in a beryllia double -crucible system."^ Because only a lim- 
ited amount of neptunium was available for this purpose (approxi- 
mately 250 /ig), many practice reductions using UF 4 and PUF 4 as 
stand-ins were carried out in an attempt to establish the most favor- 
able conditions for the production of neptunium metal. The reductions 
were carried out in beryllia double-crucible systems and the con- 
ventional tantalum -wound furnaces described for the production of 
plutonium on the microgram scale.^® The inner crucibles were vitri- 
fied by heating in vacuum at 1500 to 1800®C for 1 hr in order to 
minimize the soaking of metal into the crucible. Before a run was 
made, the system was thoroughly outgassed at about 1400®C for 1 hr 
or until the pressure was reduced to 10"® mm Hg. 

Attempts to prepare uranium and plutonium metal on the 50-jLLg 
scale by reduction of the tetrafluorides with barium metal at approxi- 
mately 1200®C were uniformly successful, but two attempts to prepare 
neptunium metal from NPF 4 under similar conditions, failed com- 
pletely. When the crucibles were opened they were found to be empty 
but somewhat a active, suggesting that either the fluoride or metal 
had soaked into the crucible. These results led to the possibility of 
two alternative procedures, e.g.,the use of a more volatile reductant, 
such as magnesium, which would minimize the tendency for the metal 
or fluoride to soak in by permitting the reaction to take place at a 
lower temperature; or the use of NPF 3 instead of NPF 4 as the starting 
material. Neptunium trifluoride would be expected to have a higher 
melting point than the tetrafluoride and thus would be less likely to 
soak into the crucible. 

Tests of magnesium as a reducing agent for uranium and plutonium 
fluorides under the above conditions were not encouraging since the 
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appearance of the metal produced was not so good as that obtained 
ordinarily in barium reductions. Therefore it was decided to use 
NpF, as the starting material. 

Accordingly, the remainder of the NpF^ (approximately 150 jxg) was 
converted to the trifluoride by the action of hydrogen fluoride and hy- 
drogen at SOCC, and this material was used in the preparation of 
neptunium metal after x-ray analysis showed it to be essentially pure 
NpF,. 

Three runs of approximately 50 each were made using barium 
as a reductant at a maximum temperature of about IZOO'C for 1.5 to 
2 min. Each of these reductions was successful in yielding several 
pieces of metal weighing from 10 to 40 pg. The neptunium metal is 
silvery in color and about as malleable as uranium metal prepared 
under the same conditions. The metal is not particularly affected by 
air during the time intervals necessary for manipulations ( hr) . 

The method used for the determination of the density of neptunium 
metal was the same as that used earlier on plutonium.^’ The displace- 
ment of a piece of metal weighing 40.32 pg was measured in two dif- 
ferent capillary pycnometers with diameters of 0.231 and 0.333 mm, 
respectively. The measured densities of the metal were 17.8 and 
17.6 g/cc, respectively. 

The x-ray diffraction pattern obtained from some flattened pieces 
of metal by Dr. W. H. Zachariasen was complex and has not yet been 
interpreted. 

The observation that the neptunium apparently soaked into the 
crucible during the attempted reduction of NpF^, whereas the reduc- 
tions of UFf were successful, suggests that the melting point of NpF^ 
is less than the melting point of UF 4 (960*C), and that the NPF 4 melted 
and soaked into the crucible before the reductant vapor attacked it. 
By extrapolation the melting point of PUF 4 is expected to be still less. 
Since, however, PUF 4 readily decomposes in vacuum to PuF,,” the 
melting and soaking into the crucible of the PUF 4 during a vapor- 
phase reduction may be prevented by the formation of a trifluoride 
skin around the tetrafluoride. 

3.10 The Preparation of Neptunium Hydride . Neptunium hydride 
was prepared'' by the action of hydrogen on the metal. The apparatus 
used was that developed by Baumbach’* for the preparation of pluto- 
nium hydride on the microgram scale. The metal weighed 20.88 ^g; 
it did not react with hydrogen when this gas was admitted at a pres- 
sure of 1 atm, but after a few minutes’ heating to 50‘€ it rapidly ab- 
sorbed gas. Examination of the hydride under the microscope showed 
that the metal had broken up into a black flaky material very similar 
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In appearance to uranium or plutonium hydride. The volume of hy- 
drogen absorbed corresponded to the formula NpHg.g.g.g. No great 
accuracy is claimed for this formula however. 

X-ray diffraction patterns of this compound exhibited lines which 
could not be assigned to neptunium hydride, but according to Zacha- 
riasen they are very probably due to the lower oxide NpO. A small 
amount of oxygen adsorbed on the walls of the capillary could easily 
account for the presence of this compound. 



Fig. 7 — Apparatus for the preparation of higher chlorides. 


3.11 Attempted Preparation of a Higher Chloride of Neptunium . 
Since neptunium forms ions of oxidation number +5 and -t-6 as well as 
-t-3 and +4 in aqueous solution, it was of interest to attempt the prep- 
aration of the higher chloride in the solid state. The experiment de- 
scribed here was an unsuccessful attempt to prepare higher chlorides 
of neptunium by the action of chlorine gas on NpCl, at elevated tem- 
peratures. A sketch of the apparatus used is given in Fig. 7. 

The chlorine used in this and the following experiments was tank 
chlorine that was passed through a sulfuric acid— bead tower, con- 
densed in liquid nitrogen, distilled into a— 120'’C bath (solid ethyl 
bromide) with pumping to remove oxygen, and finally distilled into 
the receiver. 

It was decided to test this apparatus by using UO, as a stand-in. 
Accordingly a small quantity ofUOa was placed in the x-ray capillary. 
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and the system was evacuated. Carbon tetrachloride vapor was ad- 
mitted to the heated and then pumped off. It was found that the 
optimum temperature range for the formation of UCLi in this appa- 
ratus was 510 to SSCC. After sufficient UClf was formed the furnace 
was moved up so that the UCl, could be heated. The stopcocks were 
manipulated so that the carbon tetrachloride was saturated with chlo- 
rine gas, and this mixture was passed over the UCl, at 390 to 400°C. 


Fl^. 6 — Capillary containing chlorides. 



It was observed that a red zone formed in the cool portion of the cap- 
illary and beyond that a black zone. When sufficient material had been 
collected, the reaction was stopped and the capillary sealed off. Fig- 
ure 8 shows the appearance of the capillary. 

The zones of condensation were about 1 mm wide and were sepa- 
rated from each other by about 0.5 mm. The boundaries were quite 
sharp, and it was possible to obtain x-ray diffraction patterns of the 
individual zones. The zone nearest the hot portion of the tube con- 
sisted of UCI4. The red zone was UCls, and the black zone, which had 
condensed in the coolest portion of the tube, was UC1,.‘‘ 
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When this experiment was repeated with NpCl 4 ,the vaporized mate- 
rial failed to condense in distinct zones. Examination of the condensed 
material under the microscope showed it to consist of transparent 
yellow bipyramids. In thicker layers or in reflected light the crystals 
appeared reddish. A study of the x-ray diffraction pattern showed 
that this substance was NpCl^. 

3.12 Preparation and Properties of NpOS and NpgSj The reac- 
tion of hydrogen sulfide on Th 02 or UOj at lOOO'C gives rise to ThOS 
or UOS, according to results obtained at the University of California 
(Berkeley) project,** and it was of interest to attempt a similar reac- 
tion withNpOg. The results obtained at Berkeley indicate that a hydro- 
gen sulfide -carbon disulfide mixture is a more potent sulfiding 
agent at high temperatures than is hydrogen sulfide by itself, and ac- 
cordingly our experiments were carried out with the gas mixture ob- 
tained by bubbling hydrogen sulfide through carbon disulfide at 30*’C. 
The hydrogen sulfide was dried by passage over P 2 O 5 before it en- 
tered the carbon disulfide bubbler. 

A quartz microcone containing approximately 50 ^g of neptunium 
as neptunium(IV) hydroxide was placed in a quartz tube and treated 
with the hydrogen sulfide - carbon disulfide stream for 2 hr at 1000°C. 
The black brittle reaction product was crushed and submitted for 
x-ray analysis. Zachariasen** identified it as NpOS. 

The NpOS was combined with some NpOj obtained by the ignition of 
a NpF^ sample in air. The mixture was maintained in the hydrogen 
sulfide -carbon disulfide stream at lOOOX for approximately 12 hr. 
The product was still a black brittle material. Zachariasen reported 
that this substance gave only a weak x-ray diffraction pattern, but he 
finally succeeded in showing** that it was NP 2 S 3 , isomorphous with 
U 2 S 3 and ThjSj. 

The chemistry of the neptunium -sulfur system seems to be inter- 
mediate, in a rather interesting way, between that of the uranium 
sulfides and that of the plutonium sulfides.** The oxysulfide of nep- 
tunium is NpOS, like UOS and different from PU 2 O 2 S. In the fully sul- 
fided product, however, the oxidation number of the neptunium is re- 
duced to +3. When UjOg is converted to a sulfide by hydrogen sulfide 
at 1300 to HOOT in a graphite system, the product is USj, with some 
decomposition to UjS,. The UjSj reverts to USj as the reaction prod- 
uct is cooled in hyurogen sulfide.** In such a reaction PuOj is con- 
verted to PujSj.*® While Pu 2 Sa is presumably like CegSg, which is a 
“normal-valent” sulfide that does not show metallic conductivity, 
U 2 S, is a “reduced” sulfide showing semimetallic conductivity, and 
USj is a “normal-valent” sulfide. Since NpjSg was prepared under 
conditions such that in general normal rather than reduced sulfides 
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are obtained, It Is presumably a normal-valent sulfide. However, Its 
crystal structure is Isomorphous with that of the reduced sulfide 
UgS,, rather than that of the normal sulfide, PugS,. 

It would be of great interest to synthesize a neptunium sulfide at 
1400*C in a graphite system and determine if Np,S, with the PugS, 
structure were obtained. It would also be of interest to treat NpjSj 
with sulfur at a relatively low temperature in an attempt to prepare 
NpS,. 








MICROCONE 




Fig. 9 — Oxygen-bomb tube. 


3.13 Attempted Preparation of a Higher Oxide of Neptunium . On 
the basis of the similarity of neptunium to uranium it was decided to 
attempt the preparation of a crystalline higher oxide (higher than 
Np^) of this element by Ignition of a neptunium salt in a high pres- 
sure of oxygen. The apparatus used in this experiment is diagramed 
in Fig. 9. The inside diameter of the heavy-walled bomb tubing was 
4 mm, and the inside diameter of the capillary was 1mm. The nep- 
tunium salt was contained in the cone. The tube was connected by 
means of a stopcock to a vacuum line filled with tank oxygen, and 
oxygen was condensed in the small capillary by means of a liquid- 
nitrogen bath. The amount condensed was measured as a length in the 
capillary and was chosen to give a pressure of 28 atm at 400”C after 
the capillary was sealed off at the proper point. These capillary 
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bombs were annealed In an oven before use, and if carefully sealed 
off were found capable of withstanding approximately 30 atm pressure. 
The bomb tubes were enclosed in steel jackets when heated in a tube 
furnace. The application of this apparatus to the synthesis of UO^ 
from U,0, is described in another report.^ 

The neptunium, as Np(VI) in hydrochloric acid, was evaporated to 
dryness at 70°C, taken up in 6M HNO,, and evaporated to dryness 
again. From previous observations by L. B. Magnusson it was prob- 
ably neptunium(IV) nitrate at this stage. The cone was placed in the 
bomb, which was filled with oxygen to give a pressure of 28 atm at 
400“C, and the system was sealed off. When heated to 400'’C, the 
bomb burst at the top seal-off. The sample was intact and was placed 
in another bomb where it was maintained at 350°C for 5 hr, ZSO'C 
for 12 hr, and 125°C for 4 hr. Dr. Zachariasen showed that the 
sample gave the diffraction pattern of NpOj and a few other weak, 
unidentifiable lines. 

The conditions used in the attempted formation of a crystalline 
neptunium higher oxide were unfavorable in that (a) it would have been 
better to start with a neptunium(VD nitrate and (b) at 400°C any 
higher oxide of neptunium may have irreversibly decomposed toNppj, 
especially when the tube burst and the pressure was released, even 
though at a lower temperature at the high pressure the higher oxide 
was stable. 

4. SURVEY OF THE DRY CHEMISTRY OF URANIUM, NEPTUNIUM, 

AND PLUTONIUM 

The elements uranium, neptunium, and plutonium exhibit the oxida- 
tion numbers -t-3, + 4 , -i-S, and -)-6 in both aqueous solution and in the 
anhydrous compounds. They therefore form an interesting series in 
which to observe the relation between the stability of the different ox- 
idation states in solution and in dry compounds. 

The higher oxidation states in aqueous solution are stabilized by 
solvation and complex formation. In the pure compounds (solid or 
gaseous) the small positively charged ions of the various oxidation 
states must be stabilized by coordination with the anions of electro- 
negative atoms (F-, O", Cl", Br‘, I", S'“, etc,). The small and dif- 
ficultly polarizable anions O and F” in general form compounds of 
higher oxidation number than do the more readily polarizable anions 
Cl", Br", S"", and I". It is interesting to observe that in general it is 
easier to obtain the higher oxidation states of the elements under 
discussion in solution than among dry compounds. Thus the free 
energies of solution of UO 3 , UF„ and UCl, are more negative than the 
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free energies of solution of UO,, UF 4 , and UCI 4 . Similarly, pluto- 
nlum(III) may be oxidized to plutonium(IV) in aqueous solutions by 
chlorine or bromine, but evidently anhydrous PUCI 4 or PuBr 4 do not 
exist. 

Table 4 lists the potentials between the various oxidation states of 
the ions in hydrochloric acid solution. In Table 5 an attempt has been 
made to summarize the available information as to the existence and 


Table 4 — Formal Potentials of Couples in Aqueous Solution of Uranium, Neptunium, 

and Plutonium 


Couple 

Uranium 

Reference 

Neptunium 

Reference 

Plutonium 

Reference 

(in)/(iv) 

0.63 

37 

-0.14 

36 

-0.95 

39 

(rv)/(V) 

-0.6? 


-0.7 

40 

-1.10 

41 

(IV)/(VI) 

-0.54 

42 

-0.9 

38 

-1.05 

39 


Stability of compounds of uranium, neptunium, and plutonium of vari> 
ous oxidation states. Deductions as to the existence of certain com- 
pounds of neptunium and plutonium are indicated by enclosing the 
compound in brackets. The reasoning underlying these guesses is 
generally rather obvious when account is taken of the principles 
stated above and of the trends apparent in the two tables. 

5, SUMMARY 

A description of the micro techniques used in the preparation of 
neptunium compounds has been given. Neptunium dioxide and sodium 
neptunyl acetate have been prepared and identified. 

Neptunium trifluoride and tetrafluoride have been prepared by the 
reactions 


NpOa +y 2 Ha + 3HF - NpF, + 2 H 2 O (1) 

NPF 3 + Vi O 2 + HF - NpF^ + Vz H 2 O ( 2 ) 

The NpFg as observed with about 250 jig of material was dark purple. 
The NpF^ was a light-green material. 

Neptunium tetrachloride was prepared by the reaction of carbon 
tetrachloride vapor on Np(IV) oxalate or NpOs at 500*^0 in a pyrex 
x-ray capillary. The NpCl^ is formed as a yellow sublimate. 
Hydrogen reduction of NpCl^ at 450't: yielded NpClg. 

The action of chlorine gas on NpC^ at elevated temperatures failed 
to yield any higher chlorides of neptunium. 
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Table 5 Survey of the Dry Chemistry of Uranium, Neptunium, and Plutoniumt 
Coordinating 


anion 

Uranium 

Neptunium 

Plutonium 


UO3: decomposes to 
U3O3 on ignition 
above TOO^C 




Uranyl salts, ura- 
nates 

Neptunyl salts, 
NaNp02(C2H302)3 

Plutonyl salts, 
NaPu 02 (C 2 H 302)3 



[CaNpO^?] 

[CaPuO^?] 


U30g; a mixture of 
U(IV) and U(VI)^=’ 




UO2: obtained by 
action of H, on U30 q, 
not by tliermal de- 
composition 

Only NpOj obtained^^ 
by ignition of Np 
salts in high-pres- 
sure Ojt 

Only PuOa obtained^'* 
by ignition of Pu 
salts in high- 
pressure air 


No UaOa 

fNp203 ? probably not, 
in view of the dif- 
ficulty in reducing 
PuOa to PU2O3] 

PUjOji obtained by C 
or Ba reduction of 
PuOj, not by Hj at 

1000 =C ^5 

F' 

UFg: very stable rel- 
ative to decompo- 
sition into UF^ or 

UF5 

NpFe 

[PuFg-. experiments 
indicate that it 
probably exists but 
is quite unstable]*** 


UF5: U(IV) U(VI)? 
exists only in solid 
state 

[NpFj very probable] 

PuFj? 


UF4; reduced by 
(lOOO^C) to UF3 

NpF^: reduced by 
in presence of HF to 
NpF, 

PuF^: very readily 
reduced by or 

apparently thermally 
decomposes to PuFj 


UFj (reference 47 ) 

NpF, 

PuFg (reference 27 ) 

cr 

UCl^, UC 4 : readily 
thermally decom- 
posed to UCI4 

[NpClj] not formed 
when NpCl^ sublimes 
in CI2 



UCI4: reduced by H2 
to UCI3 

NpCl^: reduced by Hj 
to NpCl, 

Evidently** no solid 
PUCI4 may exist in 
gas phase in pres- 
ence of CI2 


UCI3 

NpCla 

PUCI3 


tThe authors have attempted to judge which of the facts in Table 5 are sufficiently 
well known and described in summary references as not to require detailed documenta- 
tion. 

tSee Sec. 3 . 12 . 
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Table 5- 

— (Continued) 


Coordinating 




anion 

Urajiium 

Neptunium 

Plutonium 

Br" 

No UBFs 




UBr^: reduced by Ha 

NpBr^: yields NpBr, 



to UBij 

on reduction with A 1 
and also probably on 
thermal decomposi- 
tion 



UBr, 

NpBrg (reference 21 ) 

PuBrg 

r 

Ul^: marked tendency 
to decompose 
thermally to UI 3 

[Npl^ ? probably not] 



Ulg (reference 16) 

Npig 

Pulg 

Oxyhalides 

UOaClg, UOClj, etc.; 

[NpOCl, NpOBr, NpOI] 

[PuOClg?], PuOCl, 


attempts to make 

UOCl in this lab- 
oratory unsuccessful^^ 


PuOBr, PuOI 

s“- 

USa: UgSg is con- 

NpS,? 



ducting and may 
contain U(IV’) and 
free electrons; US, 

NpA 



is said^ to be un- 
stable in presence 
of Hg + CS at 1400'’C, 
decomposing to UgSg 




uos 

NpOS 

Pu,0,s 


Neptunium tetrabromlde was prepared by the action of AlBr, on 
NpO^, and the tribromlde by the same reaction in the presence of ex- 
cess aluminum. 

Neptunium triiodide was prepared by the action of All, on NpO,. 

The reaction of hydrogen sulfide— carbon disulfide mixture on NpO, 
at lOOO’C for 2 hr gave NpOS. Prolonged treatment under the same 
conditions yielded NpjS,. 

Ignition of Np(IV) nitrate under 28 atm pressure of oxygen at 400*C 
gave rise to NpO,, not a higher oxide. Under the same conditions UgO, 
is converted to UO,. 

A tabular survey of the dry chemistry of uranium, neptunium, and 
plutonium is given and the relation between the stability of the dif- 
ferent oxidation states in solution and in dry compounds is discussed. 
In general, it is easier to obtain the higher oxidation states of the 
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elements under discussion in solution than in anhydrous compounds. 
Among the pure compounds (solid or gaseous) the small positively 
charged ions of the various oxidation states must be stabilized by co- 
ordination to the anions of electronegative atoms. The small and less 
readily polarized anions, O and F~,in general form compounds of 
higher oxidation number than do the more readily polarized anions, 
Cl“, Br", S"", and I". 
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Paper 15.6 


CHEMISTRY OF NEPTUNIUM. FIRST PREPARATION AND 
SOLUBILITIES OF SOME NEPTUNIUM COMPOUNDS IN 
AQUEOUS SOLUTIONSt 


By T. ,T. LaChapelle, L. B. Magnusson, and J. C. Hindman 


1. INTRODUCTION 

In the course of inve.stigation of neptunium chemistry several dozen 
compounds were prepared. In only a few cases were the preparation 
of the salt and investigation of its properties the primary objectives. 
Most of the data were collected during the determination of the oxida- 
tion states of neptunium and observations on their behavior in aqueous 
solutions. For this reason the information given on the properties 
does not represent an exhaustive study. In each case the original 
method is given. If the compound has been prepared in more than one 
way, the best method is indicated. All the compounds listed were pre- 
pared from aqueous solutions. Compounds formed as a result of 
gaseous reactions and other dry chemistry methods are recorded 
elsewhere.* 

The only known isotope of neptunium having a half life long enough 
to be useful for determining its chemistry is that of mass 237. Ear- 
ly attempts to prepare neptunium compounds were unsuccessful be- 
cause only an ultramicro amount of impure neptunium was then avail- 
able.*’* The Np*” Isotope was used in all experiments, in amounts 
ranging from a few micrograms to several hundred milligrams. This 
material was purified^ by separating from all other elements. 

Solubilities were measured by transferring an aliquot of the super- 
natant solution after centrifugation to a thin platinum disk, and deter - 


tContributlon from the Chemistry Division of the Metallurgical Laboratory, Univer- 
sity of Chicago, now the Argonne National Laboratory. 
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mining the a activity of the dried material. Most plates prepared in 
this manner were sufficiently weightless so that self -absorption of 
the radiation could be neglected. In those cases where the sample 
was thick enough to introduce an error due to partial absorption of 
the radiation, approximate corrections were made. The specific - 
activity value used was 790 counts per minute per microgram of Np*®^ 
(plated as a thin film, in which the absorption of ot particles is negli- 
gible, on a smooth platinum disk, the activity being measured in a 
27r-geometry a counter}.® Solubilities are given in terms of grams 
of neptunium per liter of supernatant solution at 25°C unless other- 
wise indicated. The usual value of grams of salt per liter is not used 
since in most cases the exact formula of the solid phase is not known. 
The values given are actual working solubilities and do not neces- 
sarily represent the values that would be obtained under equilibrium 
conditions. 

The preparation of a compound is often best achieved by the initial 
preparation of the hydroxide of the desired oxidation state, followed 
by dissolution in the desired acid medium and precipitation of the 
compound by addition of the proper reagents. In dissolving the nep- 
tunium(V) hydroxide, it must be remembered that neptunium(V) dis- 
proportionates to neptunium(IV) and (VI) with a hydrogen-ion depend- 
ence of about the fourth power.® The rate constant is small at room 
temperature.*^ Occasionally a shorter method not involving the hy- 
droxide intermediary can be used with equal or more success. 

Uranium is not known to form any solid compounds of the penta- 
positive oxidation state from aqueous solution.® Only one type com- 
pound of pentapositive plutonium® has been prepared from solution, 
and this synthesis requires special conditions. However, since the 
pentapositive neptunium ion is stable, compounds of this state should 
be more easily prepared. 

The arrangement used for presentation of compounds is practically 
the same as that given in Gmelins Handbuch f 'Gmelins Handbuch der 
anorganlschen Chemie/' Uran und Isotope, Verlag Chemie, Berlin, 
1936) as well as in the chapter on plutonium compounds in the Na- 
tional Nuclear Energy Series, Volume 14 A.^® The name given to each 
compound tells all that is definitely known about it at the time of this 
writing (1946) including the valence state of the neptunium and the 
number of other atoms present. When the structure of each compound 
is better known, the name can be modified to show the additional in- 
formation. For example, if the formula of potassium neptunlum(IV) 
fluoride is proved to be KNp 2 Fq, the name would become potassium 
dlneptunium(IV) nonafluoride. Each compound is listed under that 
element with which its chemistry is most closely associated; thus a 
nitrate is under nitrogen and not oxygen. 
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According to a brief survey, solutions and compounds of neptuni- 
um(IV), (V), and (VI) show no evidence of fluorescence that can be 
attributed to the neptunium/* 

2. COMPOUNDS OF NEPTUNIUM WITH OXYGEN 

2.1 Neptunium(rV) Dioxide, NpO^ . (a) Properties . The dioxide Is 
a brown solid, the crystalline structure and formula of which were 
determined by x-ray diffraction studies.**’*®’** The crystal is face- 
centered cubic with four metal atoms per unit cell and lattice con- 
stant a = 5.425 ± 0.001 A. The Np-O distance is 2.347 A, and the cal- 
culated density is 11.11 ± 0.03 g/cc. The compound shows no signs of 
decomposition in air at 800‘‘C. After ignition at an elevated tempera- 
ture the material is insoluble in dilute or concentrated nitric acid, 
even when heated; it is only slowly soluble in fuming sulfuric acid and 
more rapidly soluble in 3M to lOM HjSO^-O.lM KBrO, solution. 

(b) Preparation from Neptunium (IV) . From a O.OOIM Np(IV) solu- 
tion about 40 tig of neptunium was precipitated as the tan hydroxide 
by means of a stream of ammonia gas blown at the solution surface. 
After twice centrifuging and washing with 150 -microliter portions of 
0.3M SO 2 - 6 M NHg solution, the hydroxide was dried in a platinum 
crucible at 105°C and ignited in air at 700 to 800°C for 15 min to 
produce the anhydrous dioxide,®’** 

(c) Preparation from Neptunium(V) . Ammonia gas was used to 
precipitate about 10 pg of neptunium as the hydroxide from a 0.04M 
Np(V)-0.5M HNO 3 solution. The precipitate was washed once with 
strong ammonia water and then redissolved in the same volume of 
IM HNO 3 solution. Reprecipitation with ammonia gas gave a precipi- 
tate much more free of adsorbed ions than the first hydroxide. An 
aliquot of this hydroxide dissolved in 2M HNO, was plated on a plati- 
num disk and carefully evaporated to dryness. Ignition in air at 800°C 
for 30 hr produced the dioxide.®'*® 

Presumably, the oxide may be produced by ignition in air at 700”C 
of the hydroxide or nitrate of either the neptunium(IV) or (V) state. 

2.2 Neptunium(lV) Peroxide , (a) Properties . The peroxide is a 
colorless to white flocculent precipitate. The solubility of the com- 
pound in 0.8M HNO 3 - 3 M HjOj solution is 0.10 g per liter.*’’ 

(b) Preparation . A solution containing a few micrograms of nep- 
tunium wasfumed with sulfuric acid. The dry crystals were dissolved 
in 50 microliters of water, and neptunium(IV) hydroxide was precipi- 
tated by means of ammonia. After centrifugation and washing, the 
precipitate was dissolved in 50 microliters of 0,5M HNO 3 solution and 
reprecipitated with ammonia. After a water wash the hydroxide was 
carefully dried under an infrared lamp and dissolved in 1.5 micro- 
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liters of approximately 0.5M HNOj solution. The solution was made 
1 .7M in by the addition of 0.3 mlcrollter of 30 per cent peroxide 
solution. No precipitation occurred within 2 hr. The peroxide concen- 
tration was increased to 3M H2O2. Precipitation of neptunium perox- 
ide gradually occurred. After 1 hr the solution was centrifuged and 
the solubility as measured on the entire supernatant solution was 
0.14 g per liter” in 0.4M HNO,-3M HjOj solution. 

The peroxide was dissolved in 0.04 microliter of 15M HNO3 solu- 
tion, the volume was increased to 0.50 microliter, and 0.25 microliter 
of lOM HjOg was added to reprecipitate the peroxide. After 16 hr the 
precipitate was centrifuged, and the solubility, measured on the en- 
tire supernatant solution, was 0.10 g per liter. The peroxide prepa- 
ration has been repeated on a larger sample.^” 

To determine whether neptunium(V) or neptunium(VD forms in- 
soluble peroxides, the absorption spectrum of 1.4 ml of 0.0045M 
Np(VD in 0.5M HNO3 solution was observed^” before and after the ad- 
dition of the peroxide necessary to make the solution 1.5M in H2O2. 
The neptunium(VI) was rapidly reduced to neptunium(V), but no fur- 
ther reduction was observed over a period of 24 hr. No precipitation 
occurred. Heating produced only decomposition of the hydrogen per- 
oxide. It may be concluded that neptunium(V) and neptunium(VI) prob- 
ably do not form insoluble peroxides under these conditions. 

2.3 Neptunium(IV) Hydroxide , (a) Properties . The formula prob- 
ably isNp(0H)4-xH20,but this has not been verified. X-ray diffraction 
examination of the material gives a pattern which has not been iden- 
tified. The solid varies in color from tan*® to an olive-gray.*^’** The 
former color especially appears in microgram amounts and the latter 
in milligram quantities (see below for solubility). 

(b) Preparation . The first preparation of this hydroxide occurred 
during the original preparation of neptunium(IV) dioxide.^'” A 150- 
microliter volume of solution of IM HgSO^-O.SM SO2 containing about 
45 fig of neptunium as the sulfate was made 6M in ammonia, precipi- 
tating a voluminous tan solid. 

If any neptunium compound is dissolved in a dilute (0.5M to 2M) 
sulfuric acid solution containing 0.3M to 1.3M SOj, taken to near dry- 
ness by fuming, diluted to approximately 0.5M HjSO^, and precipitated 
with hydroxide solution (dilute or concentrated), the product will be 
neptunium(IV) hydroxide. 

From a neptunlum(V) or neptunium(VI) solution that is greater than 
3M in HCl, excess iodide will cause rapid reduction at DS’C to nep- 
tunium(IV). Heating is continued until the disappearance of the iodine 
color shows that most of the iodine has been removed. Dilution to 
0.5M HCl solution and addition of a small amount of hydrazine dlhy- 
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drochlorlde will convert any remaining iodine to iodide, thus prevent- 
ing later oxidation of the neptunlum(IV) by iodine in basic solution. 
From this solution containing neptunium(IV), ammonia gas or sodium 
hydroxide will precipitate neptunium(lV) hydroxide. 

The solubility of the hydroxide in a 0.5M (NHjjSQ^ solution satu- 
rated with ammonia appeared to be 0.0029 g per liter;'* after 30 min 
in a IM (NHjjSO^ solution at 0°C containing a slight excess of am- 
monia, 0.0022 g per liter;** in a 0.8M NajSO^-O.SM NaOH solution, 
0.0020 g per liter;'® in water (no other ions) after 5 min of shaking, 
0.00011 g per liter.'® 

2.4 Neptunium(V) Hydroxide , (a) Properties . This hydroxide ap- 
pears to exist in at least three forms: (1) an amorphous-looking green 
solid, which may be pure hydroxide with the formula Np02(OH) -zHjO; 

(2) bright-green crystals, which may be a salt •like NHfNpOj-zHjO; 

(3) a blue-gray flocculent solid, which may be a salt of the type 
NaNpOj’zHgO. X-ray diffraction analysis of the bright -green crystals 
gave a pattern that is unlike the tetrapositive hydroxide, but it has not 
yet been interpreted. The hydroxide precipitate of pentapositive nep- 
tunium showed no color change after standing 48 hr in. contact with 
the supernatant solution, thus indicating good stability. 

(b) P reparation . The original preparation*’'® occurred during the 
measurement of the specific activity of Np*®'', although at that time 
the compound was not recognized as pentapositive. About 15 pg of 
neptunium as sodium neptunium(VI) dioxytriacetate (commonly called 
sodium neptunyl acetate) was dissolved in 1.2 microliters of 0.5M 
HNOj-O.SM NaNOj solution, and ammonia gas was used to precipitate 
the hydroxide. The precipitate, after being washed with ammonia wa- 
ter, was dissolved in 1.2 microliters of IM HNO3 solution, and green 
hydroxide was again precipitated with ammonia. 

The hydroxide may best be prepared by the addition of either am- 
monia or an alkali hydroxide solution to a neptunium(V) solution. A 
sodium neptunium(VI) dioxytriacetate precipitate was dissolved in 
0.5M H2SO4 solution. The 0.080M NpOj"'' was reduced to a character- 
istic blue -green NpOg solution by directing a stream of sulfur dioxide 
gas at the surface for 15 min. Treating the solution with ammonia 
gas produced an amorphous -looking green precipitate [see (1) above]. 
After standing for 24 hr the precipitate appeared definitely crystalline 
[see (2) above]. With sodium hydroxide a blue-gray precipitate [see 
(3) above] is formed from a neptunium(V) solution. This precipitate, 
upon dissolution in IM HjSOf solution, exhibits the characteristic ab- 
sorption spectrum of the neptunium(V) ion. The solubility in a 0.5M 
H2SO4-I.OM SO2 solution that had been saturated with ammonia was 
0.18 g per liter.'® The solubility of the precipitate in IM NaOH- 
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IM Na2S04 solution Is 0.017 g per liter;** in 2.2M NaOH-lM Na2S04 
solution, 0.014 g per liter.** 

By warming a neptunium(IV) solution in IM HNOg at 80*C for 
15 min a pure neptunium(V) solution is produced as ascertained by 
spectrophotometric observation of the solution. Adding a base to this 
solution precipitates the neptunium(V) hydroxide. This hydroxide can 
be dissolved in acid to form a neptunium(V) solution. From a nep- 
tunium(V0 solution, in addition to sodium nitrite and sulfur dioxide, 
the following reducing agents can be used to produce neptunium(V): 
hydrogen peroxide in dilute nitric acid, stannous chloride in chloride 
solutions, hydrazine in IM acid solutions, hydroxylamine in 2M acid 
solutions, and electrolytic reduction.'' 

2.5 Neptunium(Vl) Hydroxide , (a) Properties . Both ammonia and 
sodium hydroxide precipitate a dark brown amorphous -looking solid, 
which may be Np02(0H)2.zH20 or, more likely, (NH^ljNpO^.zHjO. 
Since the solubility is greater in a higher concentration of base, a hy- 
droxy complex presumably exists in these solutions. This action 
might be indicated by the following type reactions: 

NpOJ+ + 20H‘ - Np02(OH)2 (1) 

Np02(OH)2 + 20H" - Np02(OH)4” 

The size of the neptunlum(VD ion should allow six oxygen groups 
around it, and, therefore, the neptunium(VI) dioxytetrahydroxy ion 
might be postulated as the complex. 

(b) Preparation . Five micrograms of neptunium in 10 microliters 
of 0.75M H2SO4 solution was oxidized to neptunium(VI) by making the 
solution 0.2M in KBrOj and heating at OO’C for 30 min. After cooling, 
the solution was saturated with ammonia by directing a stream of gas 
at the surface. A very dark brown amorphous-looking precipitate 
formed. After 1 hr the solution was centrifuged and the supernatant 
liquid showed a solubility of 0.25 g per liter. After 40 hr equilibrium 
with no stirring the solubility was 0.10 g per liter.** 

The hydroxide has also been precipitated from IM HCIO4 solution 
with ammonia and hydroxide.** In 0.5M (NH4)2S04 solutions to which 
ammcHiia is added the solubility varies thus:** in approximately 6M 
NH,, 0.270 g per liter; in approximately IM NH,, 0.025 g per liter. 

3. COMPOUNDS OF NEPTUNIUM WITH NITROGEN 

3.1 Neptunlum(lV) Nitrate , (a) Properties . The solid nitrate has 
not been prepared, but its formula probably will be Np(N03)4'xH20. 
The nitric acid solution is yellow-green. The solubility of the nitrate 
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in approximately 5M HNO3 solution is at least 300 g per liter A 
solid phase does not precipitate from a 4M HNO, solution containing 
80 g per liter.” 

(b) Preparation . Neptunium(lV) hydroxide will dissolve in nitric 
acid to give a neptunium(IV) nitrate solution if the temperature is kept 
below 30*C. 

3.2 Neptunium(V) Nitrate , (a) Properties . The solid has not been 
prepared, but its probable formula is NpOjNOg-xHjO. The nitric acid 
solution is green-blue. In 0.5M HNO3 solution the solubility exceeds 
2.5 g per liter;” in IM HNO3 it is greater than 8 g per liter;” in 5M 
HNO3 it is greater than 50 g per liter.” 

(b) Preparation . Heating a neptunium(IV) solution in nitric acid at 
90°C for several minutes or dissolution of neptunium(V) hydroxide in 
nitric acid yields a pure neptunium(V) solution. The pentapositlve 
state is obtained as the reduction product of neptunium(VI) in dilute 
nitric acid when sulfur dioxide, hydrogen peroxide, or sodium nitrite 
is used as the reductant. Dilute solutions of neptunium(Vl) can be re- 
duced to neptunium(V) in 15 min at room temper ature^’ in 0.5M HNO, 
by the addition of 0.2M NHgOH HjSO^. 

3.3 Neptunium(Vl) Nitrate , (a) Properties . The solid has not 
been prepared; the probable formula~is~Np0^03)2‘xH20. Nitric acid 
solutions are green, the color being more intense than corresponding 
neptunium(IV) solutions. In 2.0M HNO3 the solubility is greater than 
38 g per liter.” 

(b) Preparation. Neptunium(VI) hydroxide dissolves in nitric acid 
to give a neptunium(Vl) nitrate solution. Oxidation of neptunium (IV) 
to neptunium(VI) in nitric acid’ occurs with any strong oxidizing agent 
such as bromate, bismuthate, or cerium(IV). 

4. COMPOUNDS OF NEPTUNIUM WITH FLUORINE 

4.1 Ammonium Neptunium (IV) Fluoride , (a) Properties . A bright 
green, granular -looking precipitate forms from solutions containing 
ammonium ion to which hydrofluoric acid is added. The formula is 
probably similar to NH^NpFj, analogous to the proposed double potas- 
sium fluoride. The solubility in IM HF — O.OIM NHj after 2 hr settling 
was 0.0011 g per liter.** 

(b) Preparation. The addition of hydrofluoric acid to a solution of 
neptunium(IV) in the presence of ammonium ion produces the double 
fluoride. If hydrofluoric acid is added to a solution of neptunium(V) 
containing ammonium ion and a reducing agent (such as sulfur diox- 
ide), the same product is obtained. The neptunium(V) probably dis- 
proportionates into neptunium(IV) and neptunium (VB, the fluoride 
providing a fast mechanism for the subsequent reduction of neptu- 
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nium(VD to neptunium (IV), probably by complex formation.'' If a re- 
ducing agent is not present in the neptunium(V) solution, hydrofluoric 
acid will precipitate neptunium(IV), leaving neptunium(VI) in solution. 

4.2 Potassium Neptunium(IV) Fluoride , (a) Properties . The sol- 
id is a bright green precipitate whose formula may be KNpgFg or 
KNp,F,3 according to x-ray diffraction data.'* 

(b) Preparation . Adding hydrofluoric acid to a solution of neptu- 
nium(IV) in the presence of potassium ion precipitates what is prob- 
ably a complex double fluoride. 

A neptunium(IV) solution in 0.5M H2SO4-O.O5M KjSO^ was made 2M 
in hydrofluoric acid. Sixteen hours after mixing, the solubility was 
found to be 0.0017 g per liter." In l.OM HjSO^-lM HF-IM KF the 
supernatant solution contains 0.050 g per liter 

A neptunium(V) solution in IM HCl was saturated with sulfur diox- 
ide and made IM in KF and 4M in HF, precipitating the green com- 
pound. The concentration of neptunium in the supernatant solution 
was 0.011 g per liter 

4.3 Lanthanum Neptunium(IV) Fluoride , (a) Properties . Since 
plutonium is believed to form a mixed fluoride with lanthanum,** the 
existence of a neptunium compound appears probable from the color 
and solubility data. Tracer amounts of neptunium can be carried out 
of solution by precipitation of lanthanum fluoride from such solu- 
tions.*'** The solubility of neptunium is also very low if milligram 
amounts are precipitated from solutions containing equal or greater 
amounts of lanthanum. One such precipitation of a light-green com- 
pound from a solution containing 0.01 IM Np(IV)-0.014M La(in) in 
3.0 ml gave a neptunium solubility of 0.004 g per liter." 

(b) Preparation . From acid solutions containing approximately 
equal concentrations of lanthanum(IlD and neptunlum(IV) the addition 
of hydrofluoric acid precipitates what is probably a mixed fluoride. 

5. COMPOUNDS OF NEPTUNIUM WITH CHLORINE 

5.1 Neptunium(lH) Chloride , (a) Properties . Only the solution in 
IM HCl has been prepared. A 0.005M Np(in) solution is pale purple, 
with a neptunium solubility greater than 2 g per liter.** 

(b) Preparation . One and a half milliliters of 0.007 5M Np(IV) in 
1.63M HCl solution was reduced electrolytically at a mercury pool 
cathode in a cell with a nitrogen atmosphere. An applied potential of 
45 volts was used to maintain a current density of approximately 8 
ma/sq cm. The reduction produced a mixture of 86 per cent Np(IlD + 
14 per cent Np(IV) . The reduced solution was stable over a period of 
2 hr. Controlled reoxidation by air was slow (several hours) but 
complete.*'' 
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5.2 Neptunimn(IV) Chloride , (a) Pro|jerties . The solid prepared 
from hydrochloric acid solution is yellow, crystalline, and highly del- 
iquescent.’” The formula is probably NpCli-xH^O. Solutions of the 
chloride vary in color from green in IM HCl to yellow in 5M HCl. In 
0.5M HCl solution the solubility is greater than 24 g per liter; in 2M 
HCl, greater than 96 g per liter.** 

(b) Preparation . Ten micrograms of neptunium(IV) hydroxide was 
precipitated by ammonia from a IM HjSO^ solution. The precipitate 
was partially dried under an infrared lamp. The product was exposed 
to gaseous hydrogen chloride, yielding a yellow-green solution. Evap- 
oration of the solution at a pressure of approximately 10“* mm Hg 
gave a yellow crystalline material that was strongly deliquescent.** 

Neptunium(IV) chloride solutions can be prepared by dissolving 
neptunium(IV) hydroxide in strong hydrochloric acid. If a higher chlo- 
ride solution in 3M HCl is treated with Fe(Il) at 25*^^, the tetraposi- 
tive oxidation state is formed. An alternative method is to reduce a 
higher chloride in 5M HCl solution with excess, potassium iodide at 
SS^C. Free iodine may be reduced by diluting to 0.5M HCl solution, 
adding hydrazine dihydrochloride, and reheating for 2 min. 

5.3 Neptunium(V) Chloride , (a) Properties . The solid has not 
been prepared. In IM HCl solution the chloride is green-blue in col- 
or, having a solubility greater than 70 g per liter.** The formula of 
the hydrated salt will probably be NpOjCl'scHjO. 

(b) Preparation . Neptunium(VI) chloride can be reduced to nep- 
tunium (V) chloride in cold dilute hydrochloric acid by stannous chlo- 
ride, sulfur dioxide, hydroxylamine hydrochloride, or hydrazine dihy- 
drochloride. A low concentration of chlorine at VS^C will rapidly 
produce a quite pure neptunium(V) from a neptunium(IV) solution. 

5.4 Neptunium(VI) Chloride , (a) Properties . The solid has not 
been separated from an aqueous solution, but if formed its formula 
probably would be NpOjClj'xHjO. Solutions in IM HCl are dark 
yellow-green. A solid phase does not separate from 2.5M HCl con- 
taining 5 g per liter.** In l.OM HCl solution the solubility is greater 
than 2 g per liter.** 

(b) Preparation . Neptunium(Vl) hydroxide can be dissolved in hy- 
drochloric acid to form a neptunium(VI) solution. Solutions of nep- 
tunium(IV) can be slowly oxidized to neptunium(VD by the action of 
chlorine. Cerium(IV) in IM HCl produces a rapid oxidation. 

5.5 Neptunium(IV) Perchlorate , (a) Properties . The solid has not 
been prepared. The salt separating from an aqueous solution will 
probably have a formula of NplClO^l^'zHjO. The solution in IM HCIO^ 
is green, having a solubility exceeding 1 g per liter.** 

(b) Preparation . Dissolution of neptunium(IV) hydroxide in per- 
chloric acid takes place at a very slow rate because of the lack of 
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complex formation by the perchlorate ion. The rate of solution is in- 
creased by warming, although in this case a large percentage of the 
neptunium is oxidized to the pentaposltive oxidation state. 

5.6 NeptuniumCV) Perchlorate , (a) Properties . Only solutions 
have been prepared; that in IM HCIO4 is green-blue in color and has 
a solubility greater than 2 g per liter 

(b) Preparation . The solution can be made by dissolving neptuni- 
um(V) hydroxide in perchloric acid, by heating neptunlum(IV) in per- 
chloric acid solution, by oxidizing neptunium(IV) with the exact amount 
of cerium(IV), or by reducing neptunlum(VD with hydrazine or hy- 
droxy lamlne salts. 

5.7 Neptunium(VD Perchlorate , (a) Properties . The solid has not 
been made. The color of O.IM Np(VD in IM HCIO4 is pink. The solu- 
bility in IM HCIO4 is greater than 2 g per liter 

(b) Preparation . Dissolving neptunium(VI) hydroxide in perchloric 
acid or the oxidation of a lower state of neptunium in perchloric acid 
by cerium(IV) or silver(I^ will produce neptunium(VD perchlorate 
solutions. 

6. COMPOUNDS OF NEPTUNIUM WITH SULFATE RADICAL 

6.1 Neptunium(lV) Sulfate , (a) Properties . Bright green crystals 
separate from fuming sulfuric acid solutions. The compound appears 
to be stable in IM H,S 04 solution for at least several days. The sol- 
ubility in l.OM H 2 SO 4 solution is about 16 g per liter;*' in IM H 2 SO 4 - 
O.IM K 2 SO 4 it is greater than 5 g per liter." The sulfates are much 
less soluble in concentrated sulfuric acid than they are in dilute acid; 
in 18M H 2 SO 4 the solubility is about 3 g per liter.*' From solutions 
containing no appreciable concentration of cations other than Np*^, the 
compound Np(S 04 ) 2 'zH ,0 might be formed. Double salts with H'*', IC', 
NH 4 , and other ions are possibly formed in solutions containing these 
ions. 

(b) Preparation . A mixed hydroxide of neptunium(IV) and neptu- 
nium(V) was dissolved in 0.5M H 2 SO 4 and fumed to dryness, producing 
crystals of the sulfate. Dissolution of the crystals in 0.5M H 2 SO 4 gave 
a solution that showed pure neptunium (IV) upon spectrophotometric 
observation. 

When the fluoride of neptunium(IV) that precipitates from solutions 
containing potassium ion is fumed with sulfuric acid, a double sulfate 
of IC*' and Np**^ is probably formed. Dissolution of that compound in 
IM H 2 SO 4 solution showed all the neptunium to be present in the tetra- 
positive state upon spectrophotometric examination.'* 

Evaporation of a sulfuric acid solution of neptunlum(IV) containing 
ammonium ion produces a compound" similar to the above prepara- 
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tlons. The evaporation of 100 microliters of O.OOIM Np(IV) In 0.7SM 
H 1 SO 4 solution containing NH 4 to a volume of 10 microliters caused 
the precipitation of a bright-green crystalline compound. X-ray dif- 
fraction analysis^'” of the material failed to identify the compound 
by comparison with known thorium, uranium, plutonium, or rare- 
earth salts. 

Reduction of a sulfate of a higher state can be effected at 25°C with 
excess iron(II) in IM HgSO^ solution within a few minutes. Oxalic acid 
will reduce*” neptunium(V) or neptunium (VI) in about 1 hr at in 
0.6M H 2 SO 4 solution in the presence of Mn++, SiF^", and PO 7 ®. 

6.2 Neptunium(V) Sulfate , (a) Properties . The solid has not been 
prepared, but its probable formula Is (Np 02 ) 2 S 04 *xH 20 . The color in 
IM H 2 SO 4 solution is green -blue. The solubility in IM H 2 SO 4 solutions 
exceeds 2 g per liter.** 

(b) Preparation . Sodium neptunium(VD dioxytriacetate was dis- 
solved in 0.5M H 2 SO 4 solution and treated with sulfur dioxide gas to 
give an immediate change from a green to a green-blue color. The 
solution proved to be pure neptunium(V) when examined spectropho- 
tometrically.** A solution of the sulfate can also be prepared by dis- 
solving neptunium(V) hydroxide in sulfuric acid. Reduction of nep- 
tunium(VI) sulfate with hydroxylamine sulfate or hydrazine sulfate in 
the cold will produce neptunium(V) . 

6.3 Neptunium(VI) Sulfate , (a) Properties . Only solutions have 
been prepared. These are dark yellow-green in IM H 2 SO 4 , being more 
intense than neptunium (IV) solutions. The solubility is greater than 
5 g per liter in IM H 2 SO 4 solution.** 

(b) Preparation . Neptunium(V) in IM HNO, solution was fumed 
down with sulfuric acid, dissolved in 0.5M H 2 SO 4 solution, and 0.05M 
KBrO, was added at 25*C to produce very rapid oxidation.** Starting 
with pure neptunium (IV) , quantitative oxidation by bromate is very 
slow at 25“C.'' Instantaneous oxidation from neptunium(IV) to neptu- 
nium(Vl) can be effected by cerium(IV) or AgO in IM H 2 SO 4 solution.* 
Dissolution of neptunium(VI) hydroxide in sulfuric acid will produce 
pure neptunlum(V0 sulfate. 

7. COMPOUNDS OF NEPTUNIUM WITH ORGANIC RADICALS 

7.1 Sodium Neptunium(VD Dioxytria,cetate, NaNp 02 (C 2 H 202)2 [or 
Sodium NeptunyKVD Acetate] , (a) Properties . Under dayUght or 
white fluorescent light the crystals are green, and purple-gray under 
incandescent light. The crystal structure is cubic with four molecules 
per unit cell, and the lattice constant a = 10.659 ± 0.002 A (references 
14 and 30 to 33). The density is 2.556 g/cc as calculated from x-ray 
data. The solubility of the salt in the precipitating medium is about 
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0.1 g per liter.** In 0.5M H,S 04 solution, the acetate dissolves to give 
a neptunium concentration of about 23 g per liter.** (Note: The sol- 
ubilities given below may be slightly low due to self-absorption of the 
Np*” a particles in the high-salt-content plates used for activity 
measurements .) 

(b) Preparation . The original preparation of sodium neptunyl ace- 
tate*’** involved oxidation of 10 microliters of 0.02M Np"*^ to NpOa"*" 
in approximately 0.15M H 2 SO 4 -O. 15 M KBrO, solution by heating at 
OO’C for 2 hr, cooling to room temperature, and then adding a 4.QM 
NaNO,-4.0M Na(C 2 H 3 O 2 ) 3 - 0 . 01 M KBrOj solution to precipitate the 
fairly soluble double salt. The solubility was approximately 0.10 g 
per liter. 

The oxidation of 2 ml of 0.013M Np(V) in 0.5M H 2 SO 4 with 0.05M 
KBrOg at room temperature immediately gave NpOj'*'. Before oxida- 
tion the absorption spectrum showed that only neptunium(V) was pres- 
ent. Solid potassium bromate was added, the solution mixed, and the 
absorption spectrum quickly examined (time interval less than 2 min) . 
The spectrum Indicated complete oxidation. Solid reagents were 
added to make the solution 2.0M in NaNOj and 1.6M in NaC 2 H 202 . The 
solubility under these conditions was about 0.13 g per liter.** 

In a 4.0M NaNOg - 2.0M NaCjHjOj solution the solubility of the 
double acetate appeared to be about 0.4 g per liter.** 

7.2 Neptunium(IV) Oxalate , (a) Properties . The solid is green 
and probably has a formula like Np[(OOC) 2 ] 2 ’rH 20 . 

(b) Preparation . The oxalate can be precipitated by adding oxalic 
acid to a neptunium(IV) solution. In 0.87M HC1-0.09M (C 00 H )2 solu- 
tion the solubility was found to be 0.89 g per liter** after 60 min. 

Adding a soluble oxalate salt to a neptunlum(IV) solution will also 
precipitate the oxalate. Ammonium oxalate solution was added to 
0.004M Np(lV) solution in 0.8M HNO 3 -O.IM (COOH)*, precipitating 
a green solid. The concentration of neptunium(IV) remaining in the 
supernatant solution containing about O.IM (NH 4 ) 2 (OOC )2 was found to 
be 0.20 g per liter** 12 hr after mixing. The concentration of nep- 
tunium in the supernatant solution 90 min after precipitation from 
IM HC1-0.014M (NH 4 ) 2 ( 00 C )2 solution was 0.22 g per liter.** 

In the presence of IM H 2 SO 4 solution, the neptunium(IV) oxalate sol- 
ubility exceeds 5 g per liter.** 

7.3 Neptunium (IV) Thenoyl Trlfluoroacetonate . (a) Properties 
and Preparation .* This compound is a green somewhat gelatinous - 
appearing organic chelate of neptunium(IV) with thenoyl trifluoro- 
acetone (1,1,1 -trlfluoro, 4 -a thenoyl, 2,4-butanedione). Its formula 
is probably (SC 4 H,COCHCOCF,) 4 Np. 

The green neptunium compound precipitated out** at the benzene - 
water interface when the neptunium concentration in the original 
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aqueous solution was O.IM Np(IV), the concentration of the thenoyl 
trifluoroacetone in benzene was O.IM, and the volume ratio of water 
to benzene was unity. With an aqueous solution having a neptunium 
concentration of 0.008M Np(IV),a 0.06M thenoyl trifluoroacetone sol- 
ution in benzene, and a volume ratio of 1 no precipitation** occurred. 

8, COMPOUNDS OF NEPTUNIUM WITH PHOSPHORUS 

8.1 Neptunium(IV) Phosphate , (a) Properties , The solid formed 
from aqueous solution is a white gelatinous or crystalline compound 
whose formula may be Np 3 (PQ 4 ) 4 -xH 20 . Two forms of the compound 
apparently exist; the crystalline form slowly appears when the gelati- 
nous precipitate is allowed to stand in contact with the supernatant 
solution. 

(b) Preparation . Solutions of neptunium(IV) are precipitated by 
phosphoric acid. Much of the neptunium left in the supernatant liquid 
is in a colloidal form, as shown by spectrophotometrlc examination. 

A solution of neptunium (V) in 0.9M HNO 3 -O.IM HaPO^ was reduced 
with 0,004M Fe(n) at 75°C in the presence of 0.2M -112804 ■” 

0.007M Cr(in). After the solution had stood for 17 hr, the concentra- 
tion of neptunium in the supernatant solution was 0.091 g per liter 
All the iron was present as Fe(III). 

In another solution containing 0.9M HNO3, 0.06M Fe(NH 4 ) 2 (S 04 ) 2 , 
0.2M (NH4)2SiFa, O.IM H3PO4, 0.2M N 2 H 4 -H 2 S 04 , and 0.07M Cr(m) 
the neptunium concentration in the supernatant solution after 19 hr of 
equilibration was 0.22 g per liter.** The increase in solubility was 
probably due to increased colloid formation caused by the higher iron 
concentration. 


9. SUMMARY 

Properties and preparations are given for some twenty-four nep- 
tunium compounds both in the solid state or as solutions. Where 
known, properties included are formula, color, crystal structure, 
density, solubility, and stability. Aqueous solutions of neptunium(in), 
(IV), (V), and (VI) have been made. From these solutions solid nep- 
tunium compounds of the tetrapositive, pentapositive, and hexaposi- 
tive oxidation states have been prepared which are similar to analo- 
gous compounds of uranium and plutonium. 
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THE HAUDES OF NEPTUNmMt 
By L. Brewer, L. Bromley, P. W. Gilles, and N. L. Lofgren 


1. INTRODUCTION 

Because of the close similarity of uranium and neptunium it is pos- 
sible to estimate many of the thermodynamic properties of neptunium 
compounds by comparison with uranium. Thus the experimental data 
for the oxidation -reduction potentials of the neptunium ions and the 
heat of solution of neptunium metal can be used to estimate the heats 
of formation of the neptunium halides, by assuming the same heats of 
solution for the corresponding neptunium and uranium halides. Ther- 
modynamic data for the uranium ions and halides were obtained from 
the survey report by Brewer, Bromley, Gilles, and Lofgren.’ Sum- 
maries of the constants for neptunium are given in Table 1 and 2. 

To calculate the equilibrium concentrations of the various neptu- 
nium species at elevated temperatures, the methods described in the 
above-mentioned uranium report and also in a report on the proper- 
ties of molybdenum and tungsten halides, by Brewer, Bromley, Gilles, 
and Lofgren,’ were employed. Values of the free-energy functions 
(AF-AH 29 a)/r were taken to be the same as for the corresponding 
uranium compounds. Where volatility data were necessary, the vapor- 
pressure equations derived for the corresponding uranium compounds 
were assumed applicable. 

The summary report on the chemistry of neptunium by Cunning- 
ham and Hindman*' was the source of most of the information on the 
methods of preparation and physical properties of the compounds. 


tCoitrlbutlonfroin the Department of Chemistry, UniTerslty of Calllornla, Berkeley. 
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2. NEPTUNIUM AQUEOUS IONS 

Westrum and Eyrlng* have found the partial molal heat of solution 
of neptunium metal In 1.55M HCl containing a low concentration of 
Muosllicate Ion to be AHjga = ~ 165.3 kcal for the reaction 

Np (solid) + 4H+ + ViOj (aq) = Np-*^ + (llq) + %Ha (aq) 
Taking AH,,, = -^32.5 kcal for 

VaHj (aq) + VaO, (aq) = (aq) 

all In 1.55M HCl, and using the partial molal heats of dilution for 
hydrochloric acid given by Sturtevant” and the data on heats of dilution 
of ThCla and UCl, reviewed by the authors in the uranium report,’ we 
can calculate AHjg, =-133.2 kcal for the formation of Np'^in IM HCl. 
The effect of fluoslUcate ion Is neglected. 

The heat of formation of Np'*'’ In IM HCl was obtained from the 
Np**^ heat and the Np'*^-Np'*^ potential in the following manner. Cun- 
ningham and Hindman'' report AFjg, = 3.2 ± 0.5 kcal for 

Np-^’ + H"'’ = Np"*^ + %Hj (gas) 

in IM HCl. The AS values given by Brewer, Bromley, Gilles, and 
Lofgren’ from the corresponding uranium and plutonium couples 
averaged and combined with the neptunium AF value to obtain AH 2 gB = 
-5.9 ± 2 kcal for the Np'^-Np'*^ potential. This gave AHgga = -127.8 ± 
2 kcal as the partial molal heat of formation of Np'*'’ in IM HCl. 

The partial molal free energy of formation of Np'*'’ in IM HCl was 
obtained by assuming the same AS of formation as that of uranium. 
This is not unreasonable since the decrease in entropy due to the 
decrease in size from U'*'’ to Np*^ is undoubtedly overcome by the 
addition of magnetic entropy. An abnormal increase in entropy in 
going from uranium metal to neptunium metal might make the Np'^ 
AS a unit or so more negative than for U'*'’. The difference is un- 
doubtedly less than the 2 kcal uncertainty in the Np'^ heat. Thus we 
obtain AFa„ = - 128.4 kcal for Np-” in IM HCl. 

The partial molal free energies of Np*^, NpO^, and NpO^'*' were 
calculated from the Np'*^ value and the potentials summarized by 
Cunningham and Hindman.'* They give AF,m = 3.2 ± 0.5 kcal for the 
Np'^’-Np'*^ couple, AFgM = 20.2 ± 2 kcal for the Np'*^-Np(^ couple, 
and AFjm = 46.4 ± 2 kcal for the Np'^-NpO^'*' couple. Thus the fol- 
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lowing values are obtained for AFjg, =-125,2 kcal; lor NpOj, 
^^ 2 B 8 = “ kcal; and for NpOj’'*’, AFjbb = -82.0 kcal. 

To obtain the heats of formation of NpO^ and Np(^ in IM HClfrom 
the above AF values, the average is taken of the AS values for the 
corresponding uranium and plutonium species, which yields for NpO, , 
AHjgg = -94.2 kcal, and for Np(^+, AHjbb = -71.9 kcal. 

No results of determinations in perchloric acid solutions are avaiU 
able, but values may be estimated by comparison with uranium and 
plutonium. By using the same change in AH in going from IM HCl to 
0.5M HCIO 4 as occurs in the case of U'*'’, AH^g, = -126.9 kcal is 
obtained for Np'*'’ in 0.5M HCIO 4 . By using the same AS as for U'*^, 
^^298 = -128.4 kcal is obtained for Np*^. The AH and AF values for 
the other ions were obtained by averaging the change on going from 
hydrochloric to perchloric acid solution for the corresponding ura- 
nium and plutonium species. All the results for both solutions are 
given in Table 1 . These values may be used as approximations for 
other solutions as long as the ions are not hydrolyzed and complexed, 
Kraus and Nelson'^ report that Np*^ is unhydrolyzed for pH values 
below 1.5, that NpO^ hydrolyzes to a polymer in the pH range 7.5 to 9, 
and that NpOj'*' hydrolyzes to a polymer around pH 5 or higher. 

Knowing the values for the ions, the heats of formation for the solid 
halides can now be estimated. The heats of solution were obtained by 
averaging the uranium and plutonium values and then using this aver- 
age with the neptunium ion values to obtain the heats given in Table 2. 

To illustrate the procedure, the calculation of the heat of formation 
for NpBr, will be carried out. The AHjbb oi formation of UBr, is 
-181.1 kcal, and the AH*., for U+* in 0.5M HCIO 4 is -123.2 kcal. The 
difference, UBr, - U^®, is -57.9 kcal. The corresponding difference 
for PuBrj - Pu'*'® with the ion value for 0.5M HCIO 4 is -57.6 kcal. 
Applying the average -57.75 to -126.9, the AHjbb for Np"*^ in 0.5M 
HCIO 4 , we obtain -184.7 for AHjbb of NpBr,, which value may be 
rounded off to — 185 kcal. 

This may also be done using free energies of formation of the ions. 
Thus AF„g for U+® in IM HCl is -124.7 kcal andAHuBr, -AFi,+* = 
- 56,5. In the plutonium system, AH puBr,- ^Fpu+* = - 56.1. Applying the 
average -56.3 to -128.4, the A F,,, value for Np"*^ in IM HCl, gives 
-184,7 for AH,,, of NpBr,, in agreement with the previous value. 

AH and AF values from both 0.5M HCIO, and IM HCl solutions were 
used for these calculations. The choice depended on which values 
were most closely derived from direct experimental determinations. 
The AH values of Table 1 are partial molal heat-content changes. The 
AF values for IM acid solutions are the actual partial molal free- 
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energy changes with all Ions In the IM acid solution with no correc- 
tions for activity coefficients. The values given for 0.5M acid solu- 
tions are corrected to unit concentration but are not corrected for 
activity coefficients. 


Table 1*— Partial Molal Heats and Free Ener^es of Formation 
for Neptunium Aqueous Ions at 2BB"K 


RflacUon 

IM HCl 

0.5M HCiO. 

Np f (gas) 

=-127.3 
AF,« =-12B.4 

AH,., =-120.9 

Np 4^ 4H-^ = Np+* -f 2H, (gas) 

=-133.2 
AF,„ =-125.2 

AH,* =-133.1 
AF,* =-124.9 

Np + 211,0 (llq) 4 = NpO* 4 ViH, (gas) 

= - 94.2 

AFa„ =-108.2 

AH,* = - 94 
AF,* = -108 

Np -f ZHfi (llq) * 2H'^ = NpO^^ + 3H, (gas) 

AH,., =- 71.9 
AF,.,=- B2.0 

AH,* = - 72 
AF,* =-82 


Table 2 — Estimated Thermodynamic Constants for Neptunium Halides 


AH|.|.,p 



Compound 

kcal/mole 

Compound 

kcal/mole 

NpF, 

-360±2 

NpCl, 

-24612 

NpP. 

-428 ±3 

NpCl, 

-23012 

o-NpF, 

-46713 

NpBr, 

-18511 

NpF, (gas) 

-46313 

NpBr, 

-197.511 

NpCl, 

-21612 

Npl, 

-14111 

NpCl, 

-23711 

Npl, 

-143 


All values in Table 1 are given in kilocalories per mole. Concen- 
trations are in moles per 1,000 g H,0. It is not possible to give a very 
definite uncertainty for these absolute values. They are all based on 
one determination of the heat of solution of neptunium, for which an 
uncertainty cannot be given at this time. However, the uncertainties 
In the differences between values can be given fairly closely and will 
be found in the text where data for the various couples are given. If 
the heat of solution of neptunium is revised, all the values given here 
will be changed by the same amount. 

(AF-AHag,)/T values may be obtained from the uranium survey 
report by Brewer, Bromley, Gllles, and Lofgren^ for calculations of 
AF values. The remarks on the uncertainties of the AH values made 
in connection with Table 1 apply equally well to Table 2, U the heat 
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Ills 


of solution of neptunium metal Is revised, all the values given here 
will be changed by the same amount. The uncertainties limit accurate 
calculations, but much useful qualitative information may be obtained 
from thermodynamic calculations. 

3. HIGH -TEMPERATURE CHEMISTRY OF THE NEPTUNIXm HAUOES 

3.1 Neptunium Fluorides . NpF, is calculated to be quite stable to- 
ward decomposition even much above its boiling point of 2500° K, and 
it is undoubtedly the major gaseous species at the very highest tem- 
peratures. According to the summary by Cunningham and Hindman,'' 
NpF, was prepared by the action of hydrogen and hydrogen fluoride 
on NpOj at 800°K to form a black -purple hexagonal lanthanum fluo- 
ride type of crystal structure with a density of 9.12. The observation 
that it can be reduced to the metal by barium is in agreement with 
the heat of formation given in Table 2. 

NpF^ is calculated to be stable toward decomposition even at tem- 
peratures well above its boiling point of about 1700 to 1800° K. The 
action of oxygen and hydrogen fluoride on NpOj at 800° K produced a 
light -green monoclinic zirconium fluoride type of crystal structure 
with a density of 6.84. Fried, Florin, and Davidson* found that hydro- 
gen fluoride free of hydrogen is necessary to prevent reduction of 
NpF^ to NpFj at 800° K, although Florin'" claims NpF^ to be stable in 
0.1 atm of Hj (gas) and 0.9 atm of HF (gas) on the basis of one obser- 
vation. We calculate that 2 x 10~* atm of H, (gas) In 1 atm of HF (gas) 
would cause reduction at 800°K. 

Solid and liquid NpFg are calculated to be quite stable toward de- 
composition. At 1000° K, which is estimated to be the boiling point 
of NpFg, 1 atm of NpF, is calculated to contain only 10 atm of Fj 
(gas) and 10'" atm of NpF, (gas) owing to decomposition and dispro- 
portionation. NpF, has not been prepared yet because it is difficult to 
find an oxidizing agent that will oxidize NpF^ to NpF, without oxidizing 
it further to the volatile NpFg. It could best be prepared by passing 
NpFg (gas) over NpFg (soUd) at about 600 to 650°K. 

Solid NpF, is calculated to be just barely stable with respect to 
NpF„ with the fluorine partial pressure reaching about 1 atm just 
above room temperature, i.e., at about 300°K. At the sublimation 
point in the neighborhood of 330°K, 1 atm of NpF, (gas) is calculated 
to be in equilibrium with NpF, (solid) and about 1 atm of F, (gas). 
However, as the temperature is increased, NpF, gas becomes more 
stable, and at 500°K 1 atm of NpF, (gas) is calculated to be in equi- 
librium with solid NpF, and about 10“® atm of F, (gas). At 1000°K a 
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mixture of NpF, and NpF,, each at 1 atm partial pressure, Is calcu- 
lated to contain about 5 x 10~‘ atm Fj. According to the summary by 
Cunningham and Hindman,'' the NpF,, prepared by passing fluorine 
over NpF, at a bright -red heat and condensing the volatile product in 
a liquid -air trap, Is white and has the UF, crystal structure. Florin'^ 
reports a melting point of 326°K and some Indication of decomposition 
of the solid crystals, although the rate at room temperature was too 
slow to be observed. The observations are in very good agreement 
with the calculations. Thermodynamically, NpF, is unstable around 
SSO^K with fluorine pressures of less than 1 atm, but it is stable at 
higher and lower temperatures. The rate of decomposition is un- 
doubtedly slow in the unstable range, and rapid cooling allows the 
NpF, to be preserved. 

3.2 Neptunium Chlorides . At room temperature NpCl,, NpCl,, and 
NpCl, are all stable toward decomposition. NpCl, is calculated to be 
stable from its boiling point of about 1800° K to temperatures in the 
vicinity of the neptunium -metal boiling point, at which temperatures 
gaseous neptunium and monatomic chlorine are formed with possibly 
also NpCl, and NpCl. NpCl, is reported to be prepared by the action 
of hydrogen on NpCl, at about 600° K to form a white hexagonal lantha- 
num chloride type of crystal structure with a density of 5.58. NpCl, is 
reported to melt around 1073° K, but the presence of impurities was 
indicated by the fact that the melting point was not sharp. 

NpCl^ Is calculated to be stable to temperatures somewhat above 
2500° K at atmospheric pressure. Above this temperature it would 
dissociate appreciably to NpCl, and chlorine. Treatment of NpO, with 
carbon tetrachloride at about 750°K produces NpCl, in a yellow te- 
tragonal thorium chloride type of crystal form with a density of 4,92. 
Fried'^ reports a sharp melting point of 811°K. The ready reduction 
by hydrogen to NpCl, observed by Fried, Florin, and Davidson^ is in 
agreement with the thermodynamic data given here. 

Although NpCl, is calculated to be unstable in any state, NpCl, is 
calculated to have a decomposition chlorine pressure of less than 
10~’ atm at 500° K, and the chlorine pressure does not reach 1 atm 
tmtil about 800 to 900° K, or close to the boiling point of NpCl,. An 
equimolar mixture of NpCl, and NpCl, gases at 1000° K will be in 
equilibrium with very much less than 1 atm of Cl, (ga.s). NpCl, has 
not been prepared yet, but a possible method is by passing Cl, (gas) 
free of oxygen compounds over NpCl, at 500 to 750° K, depending on 
the rate of reaction. 

3.3 Neptunium Bromides . NpBr, and NpBr, are both calculated to 
be stable at room temperature. NpBr, has been found to have a green 
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hexagonal lanthanum chloride type of crystal structure with a density 
of 7.11. NpBr, is stable at temperatures much above its boiling point 
of about 1800° K, and probably to above 3000° K, where It would be 
dissociated to gaseous neptunium and monatomic bromine or lower 
neptunium bromides. 

Solid NpBr^ is stable, but liquid NpBr 4 is calculated to decompose 
to NpBr, (solid) in an atmosphere of bromine at about 700 to 800° K. 
As a gaseous species NpBr^ is not very important. A bromine atmos- 
phere over NpBrj (liq) at 1100°K would contain only about 0.1 atm 
NpBr^ (gas). The partial pressure of NpBr^ (gas) in Brj (gas) over 
NpBr, (liq) increases as the temperature is increased until the boiling 
point of NpBrj is reached. NpBr^ was found to have a reddish-brouai 
UBr^ type of crystal form. Fried*® reports a melting point of 737 to 
741°K. Fried’'* also observed volatilization with partial decomposition 
at 1073° K, which is in partial agreement with the instability calcu- 
lated from the thermodynamic data, although the observation tends to 
indicate a slow rate or a greater stability than calculated. 

NpBr, does not appear to occur appreciably. Its maximum concen- 
tration would be found in a bromine atmosphere over NpBr^ (liq) at 
about 700° K, but its concentration would be very small. 

3.4 Neptunium Iodides . No iodides above Npl^ exist. Solid Npl, is 
unstable with respect to Nplj and solid iodine. However, some Npl, 
may be obtained in the gaseous state. At 1000° K the partial pressure 
of Npl, (gas) in equilibrium with Nplj and an atmosphere of (gas) 
was calculated to be less than 10 ~® atm. 

Npijis calculated to be stable up to temperatures around 2500°K, at 
which temperature it would dissociate to the gaseous elements. The 
action of aluminum iodide on NpOj yielded Nplj in an orthorhomic 
lanthanum iodide type of crystal form with a density of 6.82. Fried*® 
reports a melting point of 1033 to 1045°K. 

3.5 Neptunium Oxyhalides . None of the tripositive oxyhalides have 
been reported, but they all should be stable. NpOF probably has the 
cubic calcium fluoride type of structure and NpOCl, NpOBr, and NpOI 
probably have the tetragonal PbFCl type of structure, by analogy to 
uranium and plutonium. In view of the uncertainty of the uranium 
oxyhalide heats as discussed by Brewer, Bromley, Lofgren, and 
Gilles,® it does not seem profitable to give any estimates of the heats 
of formation of the neptunium oxyhalides. However, if values are 
desired, they may be obtained readily in the cases of the tripositive 
compounds by using the heats of solution of the plutonium compounds. 
In the cases of the tetraposltlve compounds, the heats may be esti- 
mated by comparison with the uranium compounds. 
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Of the tetri^Msltlve compounds, NpOClg is reported to form yellow 
crystals with the UOClg structure. NpOBr, is reported to be a yellow 
material with the UOBr, structure. 

4. SUMMARY 

The thermodynamic data for the ions of neptunium, from which the 
heats of formation of the neptunium halides are obtained, have been 
given. Using these, the regions of stability of the halides can be cal- 
culated. The calculations indicate that NpF, and NpCl, are the stable 
halides of highest oxidation number. NpBr^ is the highest bromide 
that is stable. In the iodide system only Npl, is stable. 

Calculations based on the thermodynamic data of this report were 
checked against the observed chemical behavior and the excellent 
checks lend confidence in the use of these data for calculations on 
uhe]q>lored regions. 
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Paper 15.9 


A TRACER STUDY OF THE VALENCE STATES OF NEPTUNIUMt 
By A. F. Voigt, N. R. Sleight, R. E. Hein, and J. M. Wright 


1. INTRODUCTION 

At the time the studies reported here were being made it was known 
that neptunium existed in at least two different oxidation states in 
solution — a higher, fluoride-soluble, and a lower, fluoride -Insoluble, 
state; this is exactly the same information as was known for plutonium 
when its chemistry was known from tracer studies only. In addition, 
some work had been done with microgram quantities of neptunium 
compounds in the solid state. It had been shown by x-ray crystallog- 
raphy^ that the sodium double -acetate precipitate with the higher 
valent (fluoride-soluble) neptunium was isomorphous with the com- 
pounds NaUOglCjHgOj), and NaPu 02 (C 2 H, 02)3 which proved that the 
higher valence was +6. Similarly it had been shown’^ that the oxide 
obtained on Igniting lower valent hydroxides was NpOj, isomorphous 
with PUO 2 and UO,. This proved that +4 is one of the valences of nep- 
tunium in the solid state, but it did not prove that it is the most stable 
or even that it exists in dissolved, lower valent neptunium salts. 

In a number of tracer studies, differences between the behavior of 
the reduced states of plutonium and neptunium were demonstrated. 
These differences were interpreted as showing that the valence states 
of the two reduced ions differed. It was thought possible, for example, 
that the common ions in solution were Np(in) and Pu(IV), but this 
belief was later shown to have no basis. 

Work done by the Berkeley group’ was interpreted as demonstrating 
the existence of a fluoride -soluble sodium acetate- soluble state, 
Intermediate between the two normal states and thus, most probably. 


tContrlbutlon from the Department of Chemistry and the Institute for Atomic Re 
search of the Iowa State College. 

Based on Metallurgical Project Report CN-1979 (Oct. 10, 1944). 

1119 



1120 THE TRANSURANIUM ELEMENTS 

Np(V). The basis of this postulate was the observation that, shortly 
after dlchromate was added to reduced neptunium tracer, little car- 
rying (2 to 10 per cent) was obtained with either NaU 02 (C 2 H, 02)3 or 
LaF, when precipitated from aliquots of the same original solution. 
The conclusion that a valence state existed intermediate between 
those characterized by Insoluble fluoride and insoluble double acetate 
was apparent. 

Later work in Chicago^ showed that another interpretation was 
possible without postulating the existence of a third oxidation state. 
In this work, the solution containing tracer neptunium and oxidizing 
agent was treated with hydrofluoric acid and excess La(IlI). The 
neptunium content was determined by assaying the supernatant solu- 
tion. A sodium uranyl acetate precipitation was then made, and the 
precipitate and solution were analyzed. It was found that practically 
none of the neptunium tracer escaped both precipitations and that no 
fluoride -soluble, double acetate -soluble state was produced. The 
explanation offered for the previous results was that there was a 
greatly increased rate of oxidation in the presence of hydrofluoric 
acid. Thus when hydrofluoric acid was added to precipitate lanthanum 
fluoride, the neptunium was rapidly oxidized to the hexapositive state, 
but it remained in the tetraposltive state during the precipitation of 
NaU 02 ( 0211202 ) 3 , which precipitation must be carried out in the ab- 
sence hydrofluoric acid. The excess La(in) was used in the latter 
ejqieriment to remove all hydrofluoric acid and to permit the pre- 
cipitation of the double acetate from the same solution. 

A different approach was employed in the work described here, 
namely, reagents supposedly specific for one valence or for odd or 
even valences were used. The idea originated in studies on plutonium 
decontaminated from rare earths, in which a single precipitation of 
zirconium phenylarsonate was effective in carrying 99 per cent of the 
Pu^IV) and less than 0.5 per cent of the tripositive rare-earth activi- 
ties. In applying this to straight plutonium chemistry, it was found 
that an effective separation of Pu(III) and Pu(IV) could be made by the 
same method.*'* In conversation with R. E. Connick it was learned 
that the Berkeley group also was successful in applying the phenyl- 
arsonate method to valence state distinctions in plutonium. It was 
decided to try this method in the neptunium case. 

As it turned out, the results using phenylarsonate precipitation were 
reliable. 


2. EXPERIMENTS WITH ZIRCONIUM PHENYLARSONATE* 

These studies were made using Np*** obtained from cyclotron- 
bombarded uranyl nitrate and separated from fission-product activity 
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by three lanthanum fluoride oxidation-reduction cycles. A final ian> 
thanum hydroxide precipitate was divided into two portions, one of 
which was dissolved in hydrochloric acid and the other in nitric acid. 

The zirconium phenylarsonate precipitations were made in a uni- 
form manner, from 10 ml of final solution, with 1 mg of Zr carrier, 
0.5 mg of La as "holdback” agent and a tenfold excess of phenylar- 
sonlc acid. The neptunium left in solution by any procedure was 
analyzed by sulfur dioxide reduction followed by lanthanum fluoride 
precipitation. Precipitates of lanthanum fluoride made under various 
conditions were counted directly; those of zirconium phenylarsonate 
were dissolved in dilute hydrofluoric acid; and the neptunium was 
recovered for measurement by lanthanum fluoride precipitation. Final 
lanthanum fluoride precipitations were made in flattened lusteroid 
tubes which were dried and mounted before measuring the activity on 
Laurltsen electroscopes. 

It was known that more than 95 per cent of the Pu(IV) was carried 
by zirconium phenylarsonate under these conditions, but the amount 
of Np(IV) carried was not known. To obtain data on this, repeated 
precipitations of the salt were made from several solutions containing 
neptunium tracer. The results, shown in Table 1, indicate that three 
precipitations removed only 62 per cent from nitric acid solutions 
and 93 per cent from hydrochloric acid solutions. The falling off of 
the carrying from the first to the third precipitation indicates that 
little more would be carried by further precipitations and, therefore, 
that 62 per cent and 93 per cent represent all that is in a carryable 
valence state in these solutions. Actually a small amount of some 
other state may have been carried, but the separation appears to be 
quite clear-cut. 

The second column under each solution in Table 1 gives the per- 
centage of the total in each precipitate, and the third column gives the 
percentage of the sum of the three phenylarsonate precipitates found 
in each. Thus 80 to 89 per cent of that In a state carryable by zirco- 
nium phenylarsonate [presumably Np(IV)] was carried in one precipi- 
tation under these conditions. 

The results of many experiments under varied nonoxidizing con- 
ditions are given in Table 2. In all cases duplicate runs were made. 
Reasonably good agreement was obtained as shown by the ± errors, 
which are mean deviations; the number of runs was usually too small 
for more rigorous statistical methods to be applied. The results are 
given on the basis of the activity recovered, and the extent of that 
recovery is given in the last column. 

Examination of the table shows that from 27 to 91 per cent of the 
neptunium has been carried in the various precipitations. Although 
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Table 1 — Carrying of Neptunium by Repeated Precipitations 
of Zirconium I^enyiarsonate 



HNQ, solution 

. ^ HNOs solution 

HCl solution 



Total, 

PhAsA.t 


Total, 

PhAsA, t 


Total, 

PhAsA, t 

Precipitation 

d/m 

% 

% 

d/m 

% 

% 

d/m 

% 

% 

1st PhAsA 



■s 



82 

14.8 

82 

89 

ad PhAsA . 





8.5 

14 

1.5 

8.3 

9 

Sd PhAsA 

■n 

1.9 

B 


2.4 

4 

0.4 


2.2 

LaF, 

1 

37 


39 


1.3 

7.2 



tzirconium phenylaraonate 


Table 2 ^Neptunium Carried by Zirconium Phenylarsonate under Reducing Conditions 


PhAsAt PhAsAt 


Expt. 


No. of 

insoluble, 

soluble, 

Recovered 

No. 

Conditions 

runs 

% 

Aj 

% 

1 

Original IN HCl solution 

10 

88 i 4 

12 

94 

2 

Original IN HNO 3 solution 

6 

46 1 4 

54 

94 

3 

HCl solution, precipitated as hydrox- 
ide, dissolved in hot IN HNO 3 

4 

27 1 4 
61.2 ± 1.3 

73 

105 

4 

HCl solution, precipitated as hydrox- 
ide, dissolved in cold IN HNO,, 
allowed to stand up to 7 hr 

12 

61.2 ± 1.3 

36.8 

104 

5 

HNOg solution, precipitated as hy- 
droxide, dissolved in HCl 

6 

39 ± 5 

61 

98 

6 

IN H,SO,, O.IN HNO 3 

2 

38,2 t 1.3 

63.8 

100 

7 

IN HCl, Na^SjOs 

2 

78 ±2 

22 

100 

6 

IN HNO„ Na^SjOs, HNO, added to 
reacidify 

2 

71 1 3 

29 

85 

9 

IN HNO 3 , Na^SxOg, not reacidified 
after reduction 

2 

39 ±2 

61 

95 

10 

IN HCl, saturated SO, 

4 

74 ±2 

26 

97 

11 

HNO 3 solution, precipitated as hy- 
droxide, dissolved HCl, SO 2 added 

2 

40 ±4 

60 

62 

12 

IN HNO 3 - saturated SO, 

2 

50 ± 5 

50 

101 

13 

HCl solution, precipitated as hydrox- 
ide, dissolved in HNO 3 , SO 2 added 

3 

32 ± 3 

68 

89 

14 

IN H 3 SO 4 . O.IN HNO 3 , saturated SO, 

2 

35 ± 3 

65 

100 

15 

IN HCl, NH 3 OH 

2 

B8.4 10.2 

11.6 

64 

16 

IN HCl, 4% HI 

2 

90.2 10.1 

9.B 


17 

IN HCl, Jones reductor 

2 

91 1 3 

9 

104 

18 

HNO 3 solution, precipitated as hy- 
droxide, dissolved In HCl, Jones 
reductor 

3 

89 12 

11 

65 


t Zirconium pheny lar sonate 
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there are some Inconsistencies, highest carrying (90 per cent) 
was obtained in the presence or' after the use of strong reducing 
agents, hydriodic acid, hydroxylanvlne,and the Jones reductor^ Nearly 
as much (88 per cent) was obtained from simple hydrochloric acid 
solutions, but much less (50 per cent) was obtained from nitric acid 
or from samples allowed to stand In nitric acid but metathesized to 
hydrochloric acid solutions just before . precipitation. Poorest carry- 
ing (27 per cent) was under the best b^dlzing conditions used in these 
experiments, a short heating in nitric acid solution. 

The chief inconsistencies were observed in the presence of sulfur 
dioxide. If these precipitations are considered by themselves, it can 
be seen that the carrying is better in hydrochloric acid than in nitric 
acid solutions, which fact is consistent with the observations made in 
the previous paragraph. Interference by sulfate in the carrying would 
serve as an explanation of the inconsistencies since sulfate would be 
formed from sulfur dioxide. 

Although they are far from quantitative, the results of this series 
of experiments indicate that better carrying by phenylarsonate is ob- 
tained from reducing than from oxidizing conditions. This point was 
made clearer by experiments under oxidizing conditions listed in 
Table 3. In order to distinguish three valence states, the phenylar- 
sonate precipitation was followed by one of lanthanum fluoride from 
the same solution. The remaining neptunium was reduced with sulfur 
dioxide and carried by a second lanthanum fluoride precipitation. The 
neptunium content of these precipitates is recorded in the last three 
columns of Table 3. In the experiments numbered 6, 7, 9, and 11, 
check nms were made to determine the fraction of the total amount 
in the lower, fluoride-insoluble valence states. The percentage left 
in solution by the precipitation of both zirconium phenylarsonate and 
lanthanum fluoride was as large as that remaining after just lantha- 
num fluoride precipitation; this proves that the fluoride -soluble state 
is not carried with zirconium phenylarsonate. 

Examination of Table 3 shows that only a small amount of the nep- 
tunium is carried by the phenylarsonate under oxidizing conditions. 
This amount ranges from 0 with potassium dichvomate (No. 7) to 
approximately 28 per cent with nitric acid and hydrochloric acid 
(No. 1). Much larger amounts were, in general, found in the phenyl- 
arsonate -soluble fluoride -insoluble state, particularly with mild oxi- 
dizing agents such as hot nitric acid (No. 2) and manganese dioxide 
(No. 11). The stronger oxidizing agents, potassium bromate (Nos. 5 
and 6), potassium dlchromate (No. 7), and potassium persulfate (No. 9) 
produced large amounts of the fluoride -soluble state; but the remain- 
der was mostly, if not all, in the phenylarsonate-soluble state. Sulfur 
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dioxide reduction of the oxidized neptunium was slow; reduction oc- 
curred to the phenylarsonate-soluble state except In experiment No. 4 
in which nitric acid was replaced by hydrochloric. 

Comparlscm cfthe percentages carried by zirconium phenylarsonate 
In experiments in Table 2 with those in Table 3 shows that the car- 
rying In the presence of oxidizing agents was much less than that 


Table 3 — Neptunium Curried by Zirconium Phenylarsonate under Oxldlaing Conditions 





F 

F 

PhAsAt 

F Insoluble, 

F soluble, 

Ezpl, 


No. of 

Insoluble, 

soluble, 

Insoluble, 

PhAsAt soluble. 

PhAsAt soluble. 

No. 

Conditions 

rune 

% 

% 

% 

% 

% 

1 

IN HNQ,, O.IN SCI, 

4 



2B t 12 

55 t 17 

17 .♦ 17 


00"C, 1 hr 







2 

IN HNO|, OCC. 1 hr 

6 



13 ± 10 

63 t B 

2*2 

3 

SO^ bubbled into above 

2 



17 

83 « 2 

0 

4 

Hydroxide precipitation 

1 



06 

34 



of above, dissolved 
in HCl, saturated 
with 90, 







5 

KBrO,, IN HCl 

2 



0.7 i 2.1 

23.6 t 1 

69 13 

6 

KBrO,, IN HNO, 

2 

IB 1 2 

81 

O.B ± 0.1 

13.5 t 0.0 

B5.6 10.6 

7 

K,Cr,0„ IN HNO, 

3 

27 ± 2 

73 

0 

B.5 i 5 

91 

B 

30^ reduction of above 

2 



4 

96 

0 

.9 

K,S,0«, IN HNO, 

2 

3 

07 

2 

6 

92 

10 

SOy reduction of above 

1 

1 

1 


0 

100 

0 

11 

MnO,, IN HNO, OO^’C, 

4 



2 ± 1 

B2 ±A 

16 14 


2 hr, filtered 








t Zirconium phenylarsonate 


found with reducing agents. Such a comparison, including only the 
neptunium that Is fluoride-preclpltable, shows that of this an average 
of 85 per cent was phenylarsonate-soluble in the presence of oxidizing 
agents and an average of 33 per cent was phenylarsonate-soluble in 
the presence of reducing agents. If the results with reducing agents, 
which are doubtful because of the presence of nitric acid or sulfuric 
acid along with the reducing agent, are eliminated, the largest amount 
that Is phenylarsonate-soluble is less than 12 per cent. 

The conclusion to be drawn from these c>bBervations is obvious; the 
oxidation state characterized by being carried by zirconium phenyl- 
arsonate is lower than the state that is not carried. Since those ob- 
servations have been made in connection with a variety of oxidizing 
and reducing agents, they would not be easy to explain on other bases 
such as effect of reagents on the phenylarsonate or on its carrying, 
or on rates of reaction. 
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3. COMPARISON WITH PLUTONIUM BEHAVIOR 

Further evidence that this conclusion Is valid can be gained by 
comparing the behavior of neptunium with that of plutonium under 
similar conditions. This also serves to make it clear that the phenyl- 
arsonate is behaving properly since its carrying of plutonium under 
various conditions is the same as would be predicted for plutonium, 
knowing its valence states. 


Table i — Plutonium Carried by Zirconium Phenylarsonate 


Expt. 

No. 

Conditions 

F 

insoluble, 

% 

F 

soluble, 

% 

PhAsAt 

insoluble, 

% 

F Insoluble, 
PhAsAt soluble, 
% 

F soluble, 
PhAsAt soluble, 
% 

1 

IN HCl, SO,. 20 hr 






2 

IN HCl. NH,OH 






3 

IN HCl, 8 per cent HI, 15 hr 



2 



4 

MnO,, 1.5N HNO,, OO’C, 2 hr 

17 

83 

13.3 

13.4 

73 


filtered 






5 

PtaO,, l.SN HNO,, 80‘'C, 1 hr, 

20 

71 

0.0 

3.5 

08 


filtered 






6 

Same ns 5 



10.6 

10.0 

72 

7 

NaBiO,, 5N HNO„ OO’C, 1 hr 

1 

mm 

1.4 

3.2 

05 

8 

K,S,0„ HNO, 




3.2 

06 

9 

KBiO,. HNO, 



92.0 

0.6 

6.5 

10 

HNO, 



0.7 

0 

00.3 


t Zirconium phenylarsonate 


The results of Table 4 show that in the presence at the reagents 
known to produce Pu**^ ,less than 2 per cent of the plutonium is carried 
by zirconium phenylarsonate. By contrast, in the experiments re- 
corded in Table 2 the same treatment increased the carrying of nep- 
tunium. With oxidizing agents a large portion of the plutonium was 
converted to the fluoride-soluble state. That portion which is fluoride- 
insoluble is divided with respect to phenylarsonate -carrying, with 
well over 50 per cent being carried except in those experiments in 
which more than 95 per cent of the total plutonium was as Pu(VI), 
These variations in the carrying of plutonium by phenylarsonate under 
oxidizing conditions may be due to some Pu(V) being produced, but 
this is merely conjecture. 

Considering Just the amounts of the two elements in their fluoride - 
insoluble states, a considerably smaller portion of neptunium is car- 
ried by zirconium phenylarsonate under oxidizing conditions than 
under redu cing conditions', with plutonium the situation is reversed. 
This corroborates the idea that in neptunium the phenylarsonate- 
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preclpltable valence state Is the lowest state producible by ordinary 
reducing agents. 

Since zirconium phenylarsonate Is not a good carrier for dlposltlve 
tracers, It Is most probable that this carryable, lowest common state 
In neptunium is +4 and that the non-car ryable, fluoride -insoluble state 
Is +5. The other possibility, that the two states are +2 and -t-S, is not 
compatible with the known existence of Np(IV) in NpQ,. 

4. CONCLUSIONS 

The original assumption with which this study was begun was that 
the lower valence states of neptunium in solution, if more than one 
existed, would be +3 and +4. These are the only ones below +6 for 
uranium, and they are the two more stable ones for plutonium. As 
the results were obtained, however, it appeared that such an assump- 
tion could not be justified and that the behavior of neptunium was 
different from that of plutonium. Experiments run on plutonium for 
the purpose of checking this point made these differences more ap- 
parent. 

It was decided that the results were not at all consistent with the 
hypothesis that +3 and +A were the principal lower valences of nep- 
tunium. The experiments certainly showed that two such valences 
exist. If results with tracer quantities are at all reliable, and it is 
the authors’ belief that they are, these valence states should be +2 
and +3, or +4 and -i-5,wlth considerable preference for the latter pair. 
The fact that +4 was known to be one of the valences of neptunium, at 
least in the solid state, led the authors to the decision that, on the 
basis of the evidence at hand, 4-4 and +5 were the most probable values 
for the lower valences of neptunium. 

That this decision was correct has been shown by work done since 
the completion of this study by Magnusson and LaChapelle.'' With 
the first milligram of neptunium available they produced the tet- 
raposltlve and pentaposltive states In neptunium salts in solution, 
measured their absorption spectra, and determined some chemical 
properties of these ions. A triposltlve neptunium ion can also be 
produced but only under very rigorous reducing conditions. It was 
first identified by polar ographic studies* and has been produced by 
reduction with a mercury cathode.* 

5. SUMMARY 

Studies have been made on the carrying of neptunium tracer on 
zirconium phenylarsonate In the presence of various oxidizing and 
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reducing agents. The precipitate, which Is quite specific for even- 
valent Ions, particularly tetrapositive ones, carries neptunium better 
from reducing solutions than from oxidizing solutions. The evidence 
can best be met by a proposal that the two lower valences stable in 
solution are ■t-4 and +5. Duplicate experiments with plutonium tracer 
bear this out since the behavior of plutonium is quite different from 
that of neptunium. 
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THE PREPARATION AND DECONTAMINATION OF aNp?** 
IN TRACE CONCENTRATIONSt 

By Paul Fields 


1. INTRODUCTION 

An isotope of neptunium, ^Np^*, which emits p particles with a 
2.3-day hall life, is formed by the reactions qbU”’ 

g,Np”*. McMillan and Abelson^ investigated the radiation character- 
istics and chemistry of the 2.3-day activity; they were the first to 
show that this activity was due to an Isotope of element 93. 

Growth curves obtained by McMillan and Abelson showed that the 
2.3-day activity arose from the 23-mln uranium. Preliminary studies 
of the radiation showed it to consist of /3~ particles of upper limit 

0.47 mev, and a weak complex spectrum of low-energy y rays (less 
than 0.3 mev) and probably x rays. It was found that the chemistry of 
this active material was not that of a rare earth. It did not precipi- 
tate with hydrofluoric acid in the presence of an oxidizing agent (bro- 
mate in strong acid); but in the presence of a reducing agent, such as 
sulfur dioiride, it was found to precipitate quantitatively with l^dro- 
fluoric acid. In these eiqieriments cerium was used as the carrier. 

Other chemical properties reported by McMillan and Abelson were: 

1. In the reduced state, with thorium as a carrier, neptunium pre- 
cipitated with iodate. 

2. In the oxidized state, neptunium is carried with sodium uranyl 
acetate. 

3. Neptunium precipitates in basic solution if carbonate is care- 
fully excluded. 


tContrllmtlon from Um Chemistry Division of the Metallurgical Laboratory, Uni 
verslly of Chicago, now the Argonne National Laboratory. 

Based on Metallurgical Project Report CN-2689 (Feb. 27, 1945). 
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4. Neptunium precipitates with thorium when hydrogen peroxide Is 
added. 

Tills new element had little resemblance to its homologue, rhenium; 
however. Its close resemblance to uranium led them to suggest a new 
rare-earth series beginning with uranium. 

This early work, which was carried out using the cyclotron as a 
neutron generator, laid the foundation for the larger scale prepara- 
tion of Np*’*, In which the reactor was used as a neutron source. 

2. PREPARATION AND DECONTAMINATION OF wNp*” 

2. 1 Bombardment of Uranium . Both the graphite reactor and the 
heavy-water reactor at the Argonne Laboratories have been used as 
sources of neutrons for the production of ^p”*. In view of the fact 
that there Is no cooling system for the graphite reactor, sustained 
bombardment at a high power level Is Impossible. Also, since the 
neutron flux Is not very high. It Is necessary to use a fairly large 
sample of uranium. The uranium salt used In bombardment Is usually 
uranyl nitrate hexahydrate, primarily because It Is water soluble and 
readily available. The sample Is enclosed in a thin-walled lead box 
and placed In the center of the reactor for neutron irradiation. 

A much better source of neutrons for production Is the 

heavy-water reactor. For bombardments In this reactor, the hexa- 
hydrate has been found unsatisfactory since enough heat is generated 
to melt the salt; UgOg is a much better target material. At the time of 
this writing, the best material found Is U^g that has been depleted of 
Its fissionable qU*’* isotope.! 

Depleted U,Og offers many advantages as a source of the 

most obvious of which is the smaller amount of fission products pro- 
duced along with the neptunium owing to the previous removal of 
^uasB. ijijjg reduction in fission products means a simplified proce- 
dure for isolating and decontaminating the neptunium; it also means a 
reduction in health hazard. Companion runs have been made to com- 
pare a depleted uranium bombardment with natural uranium. The re- 
sults are shown In Table 1. 

2.2 Separation and Decontamination by Copreclpltatlon . The basic 
chemistry Involved In the copreclpltatlon method Is as follows; As 
pointed out In the Introduction, lanthanum fluoride will carry reduced 
neptunium, but It will not carry oxidized neptunium. Therefore, as a 
preliminary step In the separation of uranium from neptunium, sulfur 


tThe use of depleted U,0, for the production of „Np”* was suggested by W. M. 
Manning. 
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dioxide Is bubbled tiirough the solution to ensiure complete reduction 
of the neptunium. The solutlpn Is then made 3N to 4N In HF to ensure 
complete carrying of neptunium by the lanthanum fluoride from ura- 
nium solutions. . < 

The effectiveness of lanthanum fluoride cycles depends on the fact 
that the lanthanum>lluorl^d vrlll carry reduced neptunium and most of 
the carryable fission speplesi. in the first precipitation; but since the 


Table I — Comparison of Natural Uranium with U”' Following 


Irradiation 
Depleted uranltim 

Qpe ianthanum^fluoride " 
cycle lufilclent ^ decon- 
taminate the neptunium 

Cpuld be worked behind 
1 lii. of leadTirithout 
remote control 


with Neutrons 

Natural uranium (U“*/U“* = 140) 

Two lanthanum fluoride cycles 
necessary to decontaminate 
the neptunium 

Had to be worked behind 4 in. 
of lead with remote control 


neptunium is oxidized prior to the second precipitation, it remains in 
solution. Usually two such cycles are necessary to decontaminate the 
neptunium. 

The following precipitation procedure Is recommended for a uranyl 
nitrate faexahydrate sample that has been bombarded In a graphite 
reactor. 

One pound of neutron-irradiated uranyl nitrate hexahydrate Is dis- 
solved In 2 liters of water, the solution Is made 2N in HNO,, and sul- 
fur dioxide Is bubbled through it. Lanthanum ammonium nitrate is 
added to give a concentration of 0.15 to 0.20 mg of lanthanum Ion per 
mUllllter; the solution Is made 3N in HF; and the resulting lanthanum 
fluoride precipitate Is allowed to settle. The supernatant liquid Is 
siphoned off or decanted, and the slurried precipitate Is centrifuged, 
washed with water, and transferred to a platinum dish. Enough dilute 
sulfuric acid Is added to cover the precipitate, and the solution Is 
heated to dryness with a heat lamp to avoid spattering. The residue 
is dissolved In 80 to 100 ml of 2N HNO,. In order to oxidize the solu- 
tion, silver nitrate Is added to give a concentration of 2 mg of silver 
Ion per milliliter, and solid ammonium persulfate Is Introduced until 
a dark brown color develops. After it has stood 3 hr, the solution Is 
made 2N In HF. The resulting lanthanum fluoride precipitate Is cen- 
trifuged and washed with water, and the two supernatant liquids are 
combined. The oxidized solution Is reduced by bubbling sulfur dioxide 



1131 


PREPARATION AND DECONTAMINATION OF mNp*** 

through It for SO sec after the brown coldr dls^peared (too much 
sulfiu* dioxide will precipitate silver sulfip^y. lb the vigorously 
stirred solution Is added 25 mg of lanthanum^ as a solution of the 
nitrate, in four portions at 10-min Interne;, ^d jthe restiltlng pre- 
cipitate Is centrifuged. After It has been w^hed with, water the lan- 
thanum fluoride is transferred to a platfISupi dUBlLr Sulfuric acid Is 
again added, and the mixture is fumed . to dryness. The residue Is 
dissolved In 10 ml of 2N HNO^; then It is e^rled through another 
oxidation-reduction cycle, in which the amount of^anthanum Is re- 
duced, so that the final precipitate contains .about 2.5 mg, of LaF,. 

In the heaAry -water reactor smaller sampl^ dan be bombarded to 
give as much neptunium as the larger samples previously bombarded 
In the graphite reactor. The reduction In 'the >i^tee of 4he sample 
makes possible certain modifications in the coprec|pltatlt>n proce- 
dure. Since there is less uranium per sample, smailer- volumes may 
be used, and, more Important, only 40 mg of lantbwum^is needed In 
the first precipitation. This reduction in the amount^) of lanthanum 
fluoride removes the necessity for fuming with sulfiqrlc acid, ^e 
most time-consuming operation In the procedure; in place '‘of this 
step the lanthanum fluoride may be dissolved In a small volume of 
zlrconyl nitrate solution. Also, bromate may be substituted for the 
argentic ion in the oxidation. Bromate oxidation Is carried out by 
making the solution 3N In HjSO^ and 0.15M in KBrO, and allowing It 
to stand for 1 hr. The final „Np^* solution should be examined for 
other fission-product activity by observing decay and absorption 
curves. 

2.3 Separation and Decontamination by Solvent Extraction from a 
Zlrconyl Solution of Lanthanum Fluoride . The second method used 
for separation and decontamination is a solvent-extraction method. 
Methyl isobutyl ketone, ether, and other solvents have been used for 
decontamination of neptunium after an Initial separation from the bulk 
of uranium by coprecipitation and lanthanum fluoride. 

The solvent-extraction procedure Is based on the following facts: 
lanthanum fluoride dissolves in zlrconyl nitrate, aluminum nitrate, 
or similar solutions; the resulting solutions after addition of am- 
monium nitrate give a favorable distribution coefficient for neptu- 
nium, but they will give unfavorable distribution coefficients for fis- 
sion products when extracted with ether. When the extracting solvent 
Is washed with distilled water, the distribution coefficient largely 
favors the water layer, thus providing a method of recovering the 
neptunium from the organic solvent. Nitric acid Is also extracted to 
some extent, and It goes Into the water layer; hence, after a few cy- 
cles, enough nitric acid accumulates in the water layer to shift tiie 
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distribution coefficient in favor of the solvent again. At this stage a 
fresh batch of wash water is used. 

One pound of uranyl nitrate hexahydrate Is dissolved in 2 liters of 
water. About 200 ml of concentrated nitric acid is added, sulfur di- 
oxi<fe is bubbled through the solution to make certain all the product 
is in the reduced state, and then a lanthanum fluoride precipitate Is 
thrown down as described in Sec. 2.2 of this paper. The precipitate is 
allowed to settle overnight, and the supernatant solution is siphoned 
ofi. The precipitate is slurried into centrifuge tubes and centrifuged 
for 10 min. The precipitate is washed and recentrifuged; then the lan- 
thanum fluoride is dissolved in the smallest possible quantity of zir- 
conyl nitrate solution. Hydrogen peroxide is added, the solution is 
allowed to stand for 10 min, then it is diluted with water, and hydro- 
fluoric acid is added to form another lanthanum fluoride precipitate. 
This lanthanum fluoride precipitate should now carry down the neptu- 
nium free from uranium. The lanthanum fluoride is redissolved in a 
minimum volume of zlrconyl solution. 

The zlrconyl solution is made 2N in HNO,, and it is then oxidized 
by adding ammonium hexanitratocerate. To the oxidized solution 
1.6 g of Nlf^NO, is added for each milliliter of solution, giving a lOM 
NH^iNO, solution, the volume of which is twice that of the original. 
Two to three volumes of solvent is added for each volume of solution. 
The mixture is poured into a 100-ml KJeldahl flask, and it is shaken 
vigorously for 10 min. The two layers are separated by permitting 
the flask to stand at rest for 5 min. The flask is then immersed in a 
freezing mixture of dry ice and acetone to freeze the aqueous layer 
thoroughly. The solvent layer containing the extracted neptunium is 
then poured into a second KJeldahl flask containing 25 ml of distilled 
water. This flask is then shaken for 10 min (during which time the 
neptimlum passes into the water layer), the mixture is allowed to 
settle for 5 min, and then It is frozen. In the meantime, the contents 
of the original flask are thawed out in warm water, and more am- 
monium hexanitratocerate is added. The solvent is now poured from 
the second flask back into the original flask; and another two cycles, 
as just described, are carried out. After the third cycle is com- 
pleted, the solvent is washed with a fresh batch of water; and another 
cycle is completed with fresh water used for the final wash. The two 
water layers are combined, and they are evaporated with nitric acid. 
Enough nitric acid is added to give a 2N solution when a 10-ml volume 
is attained. U too much cerium has been introduced as an oxidant and 
its presence is undesirable in subsequent operations, a lanthanum 
fluoride cycle will remove it. 
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Instead of ammonium hezanltratocerate, potassium permanganate 
or dlchromate may be used. However, permanganate is extracted by 
methyl isobutyl ketone, for example, to give an opaque solution caused 
by production of manganese dioxide; the manganese dioxide so formed 
does not carry neptunium, however. 

Frequently a gelatinous precipitate forms in the ammonium nitrate 
layer after two or three extractions with methyl isobutyl ketone. This 
precipitate can be dissolved by adding dilute nitric acid and heating 
for a short time. The formation of the gel appears to be due to the 
extraction of nitric acid by methyl isobutyl ketone and is apparently 
connected with the presence of some methyl isobutyl ketone in the 
aqueous layer. There is no gel formation when ether is used although 
this solvent extracts the acid also. 

3. SUMMARY 

Methods are described for the preparation ofpure„Np”* activity 
from neutron-irradiated uranium compounds. The methods described 
fall essentially into two classes; (1) coprecipitation methods, and (2) 
solvent-extraction methods. 
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CHEMISTRY OF NEPTUNIUM. KINETICS AND MECHANISMS OF 
AQUEOUS OXIDATION-REDUCTION REACTIONS OF NEPTUNIUMt 

By L. B. Magnusson, J. C. Hindman, and T. J. LaChappelle 


1. INTRODUCTION 

Four oxidation states of neptunium, +3, +4, +5, and +6, have been 
produced in aqueous solution.^’^ The stabilities of these states are 
discussed elesvrhere.^ Since neptunium has four stable oxidation 
states, knowledge of the rates and mechanisms of the reactions in- 
volved in changes to the most stable states under any given condi- 
tions is of general importance. Extensive quantitative data on rates 
and mechanisms are yet to be obtained, but a review of the observa- 
tions to date provides a beginning for an understanding of the reac- 
tions as well as some information upon which to base predictions of 
behavior. 

Early experiments with trace concentrations of neptunium were of 
little or no value in determining rates and mechanisms, since the 
oxidation states and their stabilities were not known. The informa- 
tion presented here is based principally on direct visual and spectro- 
photometric observation of the behavior of milligram amounts of 
neptunium. 

The conditions of reaction in many cases were not designed to yield 
precise kinetic data since the reactions were observed during the 
course of preparations for purposes other than kinetic studies, and 
therefore only qualitative deductions are permissible. 


t Contribution from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based In part on Metallurgical Project Reports CN-17e4 (Tuly 1844), CN-2767 
(March 1045), and CN-208B (September 1944). 
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2. REACTIONS BETWEEN NEPTUNIUM IONS 

Neptunlum(V) is appreciably unstable in IM H 2 SO 4 at 25°C, dispro- 
portionating to Np(IV) and Np(VI). 

2Np(V) = NpftV) + Np(VI) (1) 

The instability may be attributed to the formation of complex sulfate 
ions*’* with Np(IV) and Np(VI). A determination of the rate of dispro- 
portionation may be made most conveniently by measuring the rate, 
kj, of the reverse reaction between Np(lV) and Np(VI). 

A solution of Np(IV) of known concentration in IM H 2 SO 4 was added 
to a solution of Np(VI) of known concentration in IM H 2 SO 4 and sealed 
in a 1-cm absorption cell. The temperature of both solutions was ad- 
justed to 25°C in a water bath before mixing. The initial concentra- 
tions after mixing were 0.00466M Np(lV) and 0.00422M Np(VI). The 
concentration change of Np(IV) with time was followed spectrophoto- 
metrically for about 4 hr by measuring the density of the 727 -mp. ab- 
sorption band. The absorption cell was held in a constant-temperature 
jacket at 25 ± 0.5°C. An equilibrium measurement of the Np(rV’) den- 
sity was taken after 46 hr. 

A graph of the density readings versiis time yielded a smooth curve. 
Column 2 of Table 1 gives the concentration of Np(rv) at 10 -min in- 
tervals calculated from the optical density corrected for cell, Np(V), 
and Np(Vl) backgrounds. 

The equilibrium density measurement after 48 hr permitted calcu- 
lation of the constant for the disproportionation 

,, [NpdV)] [Np(VI)] k, 

= -[Np(V)P = k, ^ 2 ) 

K = 2.4 X10‘® 

If Eq. 1 is taken as a mechanism for the reaction, the rate of change 
in concentration of Np(IV) should be 

- — ^ = k,(co - c) (c; - c) - k,(2c)* (3) 

where c,, = initial concentration of Np(IV) 

Cg = initial concentration of Np(VI) 
c = one half the concentration of Np(V) at time t 



1136 


THE ’nUNSURANIUM ELBMEHTS 


Sid)stltutlng for gives 

d (Co-c) 
dt 


= ki(co - c) (ci - c) - kiK(2c)’ 


Integrating and substituting constants gives 

^to»l 1.808c -(1,166) (IQ-*) _ 

(8.28) (10») log [i,go8c-(6.10) (10-*)] (1.91) " ^ ^ 


(4) 

(5) 


The values of c are given in colunm 3 of Table 1. The values of 
calculated at each 10-min interval, are given in column 4. 


Table 1— Reaction Np(IV) ^ Np(VI) - 2 Np(V) at tS’C 



Np(IV), 



t, min 

molarity x 10’ 

molarity x 10’ 

literB/mole/min 

10 

4.22 

0.44 

2.53 

20 

3.80 

0.77 

2.30 

30 

3.62 

1.04 

2.32 

40 

3.41 

1.25 

2.23 

50 

3.21 

1.45 

2.21 

60 

3.02 

1.64 

2.24 

70 

2.66 

1.80 

2.24 

80 

2.72 

1.04 

2.24 

00 

2.61 

2.05 

2.22 

100 

2.51 

2.15 

2.10 

no 

2.42 

2.24 

2.17 

120 

2.34 

2.32 

2.15 

130 

2.20 

2.30 

2.10 

140 

2.22 

2.44 

2.00 

150 

2.17 

2.40 

2.04 

160 

2.11 

2.55 

2.04 

170 

2.05 

2.61 

2.05 

180 

1.00 

2.67 

2.07 

100 

1.05 

2.71 

2.05 

200 

1.01 

2.75 

2.03 

2,000 

1.20 




It will be noted that a drift with time to smaller values of k| was 
obtained. The first two values are appreciably higher than the aver> 
age. A number of known factors could account for drift. Although the 
temperature of the solutions was adjusted to 25"C before mixing, the 
solutions were out of the bath during the brief mixing period. Room 
temperature was a few degrees higher than 25*^ so that the solution 
temperature may have risen a half degree or so during the first few 
minutes of reaction, A half degree lowering of the temperature In the 
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temperature-controlled absorption -cell compartment over the 4 -hr 
period of observation could likewise account for much of the drift. 
Other factors that should affect the rate to a small extent would be 
the change in solution composition caused by decomposition of the 
NpflV) and Np(VI) sulfate complexes and the slight increase in hydro- 
gen-ion concentration caused by the transition^ of Np**^ to NpO^ ■ The 
average value of kj is 2.2 liters/mole/min at 25°C. In 1.86M I^SQ, at 
25°C, kj has been measured as approximately 1 liter/mole/min. 

The disproportionation rate of Np(V), kj in the reaction represented 
in Eq. 1, in l.OM HjSO^ is calculated from the equilibrium constant to 
be 5.3 X 10"* liter/mole/min. 

The rate of the reaction between Np(IV) and Np(VI) has not been 
measured in acids other than sulfuric, but presumably the rate would 
be much larger in noncomplexing media. Np(V) shows no spectro- 
photometric evidence for disproportionation in IM solutions of nitric 
or hydrochloric acid. Since in all probability Np(V) and Np(VI) are 
oxygenated ions and Np(IV) is not oxygenated, the forward and reverse 
reactions represented by Eq. 1 should be dependent in some manner 
on the hydrogen-ion concentration. This dependence has not yet been 
studied, so that complete mechanisms for the reactions cannot be for- 
mulated. 

The reactions of Np(ni) with neptunium ions of other oxidation states 
have not been investigated because the tripositive state is so unstable 
in air that it is of little immediate interest. 

3. KINETICS OF REACTIONS WITH OXIDIZING AND REDUCING AGENTS 

3.1 Bromate . The reactions of neptunium with bromate have been 
studied in some detail since it was found very early^ that neptunium 
and plutonium in trace concentrations could be separated by a method 
involving bromate oxidation. The two elements in "reduced” states, 
now known to be the tetrapositive oxidation state, in sulfuric acid so- 
lution were treated with bromate for about 30 min. Addition of lan- 
thanumdn) and hydrofluoric acid precipitated lanthanum fluoride, 
which carried the plutonium but left the neptunium in solution. The 
neptunium presumably was oxidized to a "lanthanum fluoride soluble” 
state whereas the plutonium was not oxidized. Since the oxidation 
potential in this type of solution is sufficient to oxidize the plutonium, 
it is obvious that the success of the method is dependent upon the 
relative rates of oxidation of the two elements. 

Spectrophotometric observation shows that the oxidation of pure 
Np(IV) in solutions containing bromate and sulfuric acid is slow at 
room temperature. A complex mechanism is indicated by the fact 
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Fig, 1 — Bromate oxidation of neptunium (IV) in l.OM U 3 SO 4 at 25°C. 
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that the rate of oxidation is very slow initially but accelerates after 
an Induction period. It was first believed” that the induction period 
was attributable to the necessity of partially reducing the bromate ion 
to bromlte and hypobromite since it is generally true that fast reduc- 
ing agents such as bromide ion catalyze bromate oxidations. An in- 
duction period, however, was still observable in solutions of neptunium 
containing bromide or sulfur dioxide. Solutions containing some Np(V) 
along with the Np(IV) show little or no induction when oxidized with 
bromate. The following partial step reactions could satisfactorily 
account for an induction period: 


Np(IV) + BrOj" - Np(V) 

very slow 

( 6 ) 

Np(V) + BrOs" - Np(Vl) 

very fast 

(7) 

Np(IV) + Np(VI) - 2Np(V) 

slow 

( 8 ) 

A slower rate for reaction 6 relative 

to the rate 

for reaction 7 


would result In an induction period. Reaction 8 must occur to a con- 
siderable extent since the rate for this reaction is well within the 
qualitatively observed range of bromate oxidation rates. The Np(V) 
formed is oxidized to Np(VI) at an extremely rapid rate by reaction !7 
since no Np(V) can be detected spectrophotometrically during an 
oxidation. 

The actual mechanism of the bromate oxidation appears to be more 
complicated than that represented by reactions 6 , 7, and 8 . All three 
reactions undoubtedly occur, but Eq. 6 is not an Inclusive representa- 
tion of the inductive mechanism. A graphical test of the observed data 
will illustrate the complexity of the induction period. A number of 
bromate oxidations of initially pure Np(rv)ln l.OM H 2 SO 4 at 25°C have 
been observed spectrophotometrically. Curve A of Fig. 1 is a repre- 
sentative graph of calculated concentrations of Np(IV) against time. 
A small amount of Fe(II) was added to this solution before the addition 
of bromate to ensure that the neptunium was pure Np(lV). At zero 
time the composition was l.OMHgSO^, 0.023M Np(IV), O.OIM Fe(n), 
and 0.094M KfirO,. Curve B is a graph of the toUQ reaction rate 
against time, determined graphically by drawing tangents to the con- 
centration curve. Curve C Isa calculated graph of the rates of the re- 
action between Np(IV) and Np(VI), the rate of which would be given by 
an equation similar to Eq. 2 except that no reverse reaction occurs 
and the concentration of Np(VI) increases by the oxidation of Np(rv) 
through Np(V) to Np(VI). The rate equation in this case is 


( 9 ) 
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where k = 2.15 liters/mole/min. The points of curve C are the prod- 
ucts of the observed concentrations of Np(IV) and Np(VI) and the 
specific rate constant, kp 

The total rate of oxidation clearly is greater than the rate of re- 
action between Np(lV) and Np(VI), therefore other reactions must 
contribute significantly to the rate. The difference between the total 
rate and the rate of the Np(IV)-Np(VI) reaction is given by curve D, 
which should then represent the rates of the other reactions. If reac- 
tion 6 were the only other reaction contributing to the decrease in 
concentration of Np(IV), curve D would be expected to show a decreas- 
ing rate with time. Since curve Dgoes through a maximum, it appears 
that reaction 6 is not an inclusive representation of all the side re- 
actions contributing to the oxidation of Np(IV). The complex induction 
period may involve reduction products of bromate . 

Figure 2 is the graph of a bromate oxidation of Np(IV) at 35°C. The 
concentrations were the same as in the reaction at 25’’C with the ex- 
ception of the Np(IV) concentration. Curve A is the Np(IV) concentra- 
tion-time graph and curve B gives the graphically determined rates. 
The rate constant for the Np(rV)-Np(VI) reaction has not been deter- 
mined at so graphical analysis of the total rate cannot be made 
as was done with the reaction at 25°C. It was found, however, that 
Eq. 10 could be applied to the data to calculate a rate constant on the 
assumption that the Np(IV)-Np(VI) reaction was the principal rate- 
determining step near the end of the reaction. 


d (Cp - c) 
dt 

(co - c)c 


( 10 ) 


“k” was calculated from the graphically measured rates and the 
known concentrations of Np(rV) and Np(VI). Table 2 summarizes the 
data and the calculated values of k. The value of k is essentially con- 
stant after 30 min. The oxidation rate, therefore, may be dependent 
only on the concentrations of Np(IV) and Np(Vl) after the oxidation has 
proceeded about 35 min. It may be emphasized, however, that the ap- 
parent constancy of k is not good evidence that the Np(lV)-Np(VI) re- 
action is the principal rate -determining step since the concentration 
of Np(VI) near the end of the reaction is not changing much and the 
evidence may indicate only first order dependence on the Np(IV) con- 
centration. Constancy near the end of the reaction was not attained 
from similar calculations using the data obtained at25°C. The 10° 
temperature rise may accelerate the Np(IV)-Np(VI) reaction consid- 
erably more than the others. Curve C is a graph of the rates of the 
Np(IV)-Np(VI) reaction with k equal to 9.5 liters/mole/min calculated 
in an analogous manner to curve C of Fig. 1. It is again apparent that 
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Other reactions contribute markedly to the observed rate, especially 
during the induction period. The differences between curves B and C 
are plotted as curve D, which suggests the rate contributions of reac- 
tions other than the Np(IV)-Np(VI) reaction. 



Fig. 2 — Bromate oxidation of neptuniumClV) in l.OM H,SO, at 35°C. 


In the range of trace concentrations of neptunium the Np(lV)-Np(VI) 
reaction would be immeasurably slow, and therefore the oxidation of 
Np(IV) by bromate or its reduction products would become the domi- 
nant reaction. Several hours would be required for essential comple - 
tion. In the early trace -concentration work it was customary to allow 
about 30 min oxidation time before adding hydrofluoric acid in the 
bromate - lanthanum fluoride procedure. It is now apparent that very 
little oxidation of Np(lV)at trace concentration could occur in 30 min. 
Since neptunium is in the hexapositive oxidation state after precipi- 
tation of lanthanum fluoride, the evidence is definite that hydrofluoric 
acid exerts a powerful accelerating effect on the oxidation. A similar 
effect was proved in the oxidation of Np(IV) by dichromate in the pres- 
ence of hydrofluoric acid.’ It is quite improbable that hydrogen fluo- 
ride acts as a catalyst in the usual sense involving an intermediate 
oxidation -reduction couple, so a reasonable mechanism should be 
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sought In a complexlng effect. It may be that tho oxidation of Np(lV) 
to Np(V) will take place in fluoride solution without the necessity of 
adding two oxygen atoms per neptunium atom. A half reaction such as 
the following might be involved: 


NpF+* s NpF+^ e 


( 11 ) 


Table 2— Rate Constant lor Np(IV) + Np(VI) > 2Np(V) at 3S°C 


c, - c, c, k, 


min 

molarity x lO* 

molarity X 10* 

dc/dt X 10^ 

llters/mole/mln 

10 

0.06 

1.10 

0.942 


15 

7.86 

2.30 

1,71 

15.15 

20 

6.43 

3.73 

2.27 

11.71 

25 

5.02 

5.14 

2.44 

10.50 

30 

3.73 

6.43 

2.27 

9.88 

36 

2.64 

7.52 

1.90 

9.87 

40 

L70 

8.37 

1.43 

9.54 

45 

1.19 

8.97 

1.01 

9.46 

50 

0.76 

9.40 

0.67 

9.37 

55 

0.47 

9.69 

0.43 

9.44 


Since this oxidation requires only the removal of an electron, the rate 
might be expected to be fast. The NpF'*'^ ion is very probable since 
plutonium forms this type of ion predominantly in hydrofluoric - nitric 
acid solutions.* If the hypothetical ion NpF*^ or something similar 
has any degree of stability, it may be possible to measure a revers- 
ible Np(IV)-Np(V) couple in fluoride solution. 

3.2 CeriumftV) . The oxidation of Np(IV) by Ce(IV) in both nitric 
and sulfuric acids is too rapid to be followed spectrophotometrically 
at room temperature. The oxidation of Np(V}is much more rapid than 
that of Np([V), since a titration of a mixture of Np(IV) and Np(V) in 
IM showed that Ce(IV) preferentially oxidized Np(V) in agree- 
ment Witt the behavior in the bromate oxidation. The over-all rate 
would depend only on the Ce(lV) and Np(IV} concentrations since the 
reaction between Np(IV) and Np(VI) is too slow to contribute to any 
measurable extent. 

Bromate oxidation of Np(rv) is catalyzed by cerium ions; the ad- 
dition of a trace of Ce(tII) to a soluHon containing bromate and Np(IV) 
in sulfuric acid gives Instant oxidation to Np(VI). This effect was first 
detected on trace concentrations of neptunium.* The oxidation poten- 
tials of bromate solutions are sufficient to oxidize a fraction of the 
CeCQI) to Ce(IV), which then reacts with the Np(lV) very rapidly. 
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3.3 Chlorine . Chlorine is a useful oxidant for the preparation of 
Np(V) in chloride solutions. The potential of the Np(V)-Np(VI) couple 
is sufficiently negative in IM HCl to oxidize a small fraction of chlo- 
ride to chlorine. Slow escape of chlorine from the solution allows 
further reduction of Np(VI). The reaction of chlorine with Np(IV) in 
IM HCl is very slow at 25°C but is quite rapid at 75‘C, producing 
principally Np(V). A small amount of Np(VI) also forms. If the con- 
centration of chlorine is kept low, very little Np(VT) is formed. 

3.4 Chloride . Neptunium(VI) is measurably unstable in chloride 
solutions, as noted above, although the reduction to Np(V)is very slow 
at room temperature. Platinum and gold metals Increase the rate of 
reduction markedly. It was found that potentials in chloride solutions 
of Np(VI) are not stable if a gold or platinum electrode is used. Re- 
duction of Np(VI) by chloride or the metal at the electrode causes a 
continual decrease of the measured emf. 

3.5 Electrolysis . The cathodic -reduction behavior of neptunium 
ions is similar to the behavior with chemical reducing agents. Re- 
duction of Np(VI) to Np(V) is rapid and reversible, whereas the re- 
duction of Np(V) to NpdV) is slow and irreversible. Electrolytic re- 
duction of Np(lV) is probably the best practical method^’” of producing 
Npdn). Measurements^ of the potential of the Np(lU)-Np(IV) couple 
show it to be reversible, and therefore electrolytic reduction should 
be rapid. The polarographic results,” however, indicated an irrevers- 
ible reaction. The anomaly has not been removed as yet by experi- 
ment, but the possibility exists that hydrolysis at the electrode might 
account for the polarographic results. 

3.6 Ferrous Iron . Np(VI) and Np(V) react very rapidly at 25”C 
with excess of Fe(n) to give Np(IV) in sulfuric acid solutions. 

The rate of reduction of Np(V) by Fe(II) is conveniently measurable 
in hydrochloric acid solutions. The hydrogen-ion dependence of this 
reduction is of interest since it is believed that the transition from 
Np(V) to NpdV) involves a change from the ion NpOj to Np"*^. 

NpO+ + 4H+ + Fe+* - Np+^ + 2Hj,0 + Fe+® (12) 

A rate equation for the reduction of Np(V) by Fe(U) may be postu- 
lated as 

^ = k (co -c) (ci -c) (H+)* (13) 

where Cg = initial concentration Np(V) 

Cg = initial concentration Fe(Il) 
c = concentration of Np(IV) at time t 
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1 Cn(ci - c) 

t(ci - Co) Co(Co - c) 




k' 


(14) 


During the course of preparations for the study of the hydrogen -ion 
concentration dependence of the potential of the Np(lV)-Np(V) couple 
some rough measurements of the rate of reduction of Np(V) by Fe(II) 
were obtained/” 


Table 3 — Hydrogen-ion Dependence of the Reduction of Np(V) by Fe(Il) 



H*. 

t, min 

moles./Uter 

10 

0.30 


0.51 


1.0 

20 

0.30 


0.51 


1.0 

30 

0.30 


0.51 


1.0 

40 

0.30 


0.51 


1.0 

50 

0.30 


0.51 


1.0 




0.017 

0.00013 

0.027 

0.00021 

0.045 

0.00036 

0.032 

0.00025 

0.055 

0.00042 

0.095 

0.00073 

0.040 

0.00031 

0.074 

0.00057 

0.126 

0.00097 

0.045 

0.00036 

O.OBB 

0.0006B 

0.146 

0.00112 

0.049 

0.00036 

0.100 

0.00077 

0.166 

0.00129 


k'. 


ci -c 

liters/ mole/ min 

0.00181 

2.5 

0.00173 

3.7 

0.00159 

7.7 

0.00169 

2.5 

0.00152 

4.8 

0.00121 

10.3 

0.00163 

2.2 

0.00137 

4.6 

0.00097 

10.6 

0.00159 

1.9 

0.00126 

4.6 

0.00062 

10.7 

0.00156 

1.7 

0.00117 

4.4 

0.00065 

11.7 


Three chloride solutions of different hydrogen-ion concentration, 
0.30M, 0.51M, and l.OM, each 0.00269M in Np(V), were prepared. The 
ionic strengths of the solutions were equalized at approximately 1.0 
with lithium chloride. Each solution was made 0.00194M in Fe(II), 
and the reductions were followed spectrophotometrically in 1 -cm 
cells at 25°C by measuring the increase in optical density of the 
Np(IV) 727-mp absorption band. 

Column 3 of Table 3 gives the observed densities for the three so- 
lutions at 10 -min intervals. The calculated concentrations of Np(IV) 
and Fe(Il) are given in columns 4 and 5. The values of k' calculated 
from Eq. 14 are given in the last column of the table. 

Although the precision of these measurements is quite low, it is 
sufficiently good to yield interesting information on the mechanism of 
the reduction. The reaction obviously does not proceed through a 
disproportionation of Np(V) since the rate is dependent on the first 
power of the Np(V) concentration. It may be seen immediately that 
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the reaction rate constant k' does not have a fourth-power dependence 
on hydrogen -ion concentration which it would have if the over -all re- 
action 12 were also the rate -determining reaction. The average rate 
constants for the 0.30M, 0.51M, and l.OM hydrogen-ion solutions are 
2.2, 4.5, and 10.2 liters/mole/min, respectively. If k is taken tobe 
10.2 the hydrogen-ion dependences of the rate constants at 0.51M and 
0.30M hydrogen-ion concentration may be calculated from the equation 

= k* 

(H'*’) = 0.51M (0.51)* (10.2) - 4.5 

x=1.2 (15) 

(H+) = 0.30M (0.30)* (10.2) = 2.2 

X = 1.3 

The rale of reduction, therefore, is dependent on slightly greater than 
the first power of the hydrogen-ion concentration in the range 0.3M to 
IM H'*' at 25°C. This fact can be utilized as the basis for a reasonable 
hypothesis for ionic changes occurring in the transition from Np(V) 
to Np(IV). The principal ionic form of Np(V) probably contains two 
oxygen atoms in the range O.IM to l.OM hydrogen-ion concentration.’ 
Neglecting hydration and complexing anions, the ion may be formu- 
lated as NpC^. If it is assumed that ion Np(IV) may be formulated as 
Np^*, the first -power hydrogen dependence of the reduction of Np(V) 
would lead to the conclusion that the following reactions occur; 


NpO+ + H+ + Fe+’ - NpO(OH)+ + Fe+’ (16) 


NpO(OH)+ + 3H+ - Np+* + 2HjO (17) 


Alternatively, it may be postulated that an ion such as NpO(OH)'^''' 
could exist at a low concentration in equilibrium with NpO^. 


NpO^ + H'^ 5t NpO(OH)++ 

[NpO(OH)+-*-] 

■ [NpO+] [H+] 


(18) 

(19) 


The principal reduction reaction might then be 


NpO(OH)+’ + Fe+’ - NpO(pH)+ + Fe+’ (20) 


which would proceed at the rate given by £q. 13, where x = 1 since 
the concentration of NpO(OH)'^''' is directly proportional to the first 
power of the hydrogen-ion concentration. 

Potential measurements of the Np(IV)-Np(V) couple at various 
hydrogen -ion concentrations*" indicate the possible existence of meas- 
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urable concentrations of ions other than NpC^ In Np(V) solutions. 
From the determined value of 3.8 for the hydrogen -Ion power depend- 
ence of the Np(lV)-Np(V) couple It may be calculated that k, the equi- 
librium constant of Eq. 19, could be as large as 0.4. Since the power 
of the hydrogen-ion dependence was found to be approximately 1.2, i.e., 
higher than 1, there may be some deduction through the reaction 

Np(OH)” + Fe'^ - Np(OH)^“ + Fe+* (21) 

or other similar reactions involving Np(V) ions of varying degrees of 
hydrol 3 rsls. 

The rate of the reverse reaction, oxidation of NpClV) to Np(V), must 
be inversely proportional to approximately the third power of the 
hydrogen-ion concentration, so that it is necessary to assume that 
hydrolyzed Np(IV) ions react with ferric ion, such as the reverse of 
reaction 20. The concentration of NpO(OH)'*' in this reaction is de- 
pendent on the third power of the concentration of hydrogen ion in the 
hydrolysis of Np+^, 

Np** + 2HaO - NpO(OH)+ + 3H+ (22) 

The formula of the hydrolyzed ion could, of course, just as well be 
Np(OH)^, since it is not possible from the above evidence to differen- 
tiate between degrees of hydration or oxygenation. 

Although it is true that the concentrations of hydrolyzed ions of 
NpdV) in acid solutions may be vanishingly small, it is also true that 
the rates of change between Np*^ and Np(^ are extremely slow rela- 
tive to the rates of simple electron -transfer reactions. The slow 
rates would be at least partially explained if the rate -determining 
steps in the transition between Np(IV) and Np(V) Involved hydrolyzed 
ions of Np(lV) present in very low concentrations. 

3.7 Hydrazine, Hydroxylamine . Hydrazine andhydroxylamlne both 
reduce Np(Vl) to Np(V) instantly in IM acid solutions, but further re- 
duction is extremely slow. The slow rates of reduction with these 
agents indicate that the reaction could proceed mainly through dis- 
proportionation of Np(V) to NpdV) and Np(VI). 

3.8 Iodide . Iodide ion in hydrochloric acid solutions reduces Np(V) 
much more slowly than does Fe(tl) under similar conditions, but the 
reaction may be made far more complete since a larger reducing po- 
tential may be attained in iodide solutions. The rate of reduction in 
5M HCl has been found to be dependent on the first power of the Np(V) 
concentration, essentially complete reduction requiring about 40 min 
at room temperature. The rate is qualitatively observed to be directly 
proportional to acid concentration. In 0.3M HCl the rate is extremely 
slow, and the reaction is Incomplete. The rate is somewhat more 



OXIDATION-REDUCTION REACTIONS OF NEPTUNIUM 


1147 


rapid at 0,5M HCl and Is essentially complete in the absence of iodine. 
Greatly increased rates are obtained at higher temperatures; com- 
plete reduction requires less than 1 or 2 min in 5M HCl at 100°C. 

3.9 Nitrate . The stability of Np(IV) in nitric acid solutions is 
similar to that in perchlorate solutions. Pure Np(V) may be pro- 
duced by careful heating of Np(IV) nitrate solutions. 

3.10 Nitrite . Np(VI) is reduced instantly to Np(V) by nitrite in 
IM HNO, solution but no further reduction can be detected. This re- 
sult is entirely consistent with the measured potentials of the nep- 
tunium couples. 

3.11 Oxygen . The effect of atmospheric oxygen has been detected 
in solutions of Np(lV) in IM HjSO^. Np(V) is formed very slowly, 
amounting to a few per cent per week. 

3.12 Oxalic Acid . Observations of the reducing action of oxalic 
acid are limited to some very complex solutions containing princi- 
pally nitrate, sulfate, and phosphate. “ 

The reduction of Np(VI) and Np(V)was in general extremely slow at 
room temperature. Appreciable rates are obtainable at higher tem- 
peratures, but pure Np(IV) was stable in these solutions only with 
excess oxalate. Prolonged heating destroys the oxalate, and the nep- 
tunium partially reoxidizes to Np(V), apparently establishing an equi- 
librium with nitrate and nitrate -reduction products. 

3.13 Perchlorate . Np(IV) oxidizes to Np(V) in hot perchloric acid 
solutions rapidly. The oxidation is very slow at room temperature; 
therefore Np(IV) may be maintained in perchloric acid for at least 
several days. 

3.14 Permanganate . Np(lV) reacts with permanganate ion too 
rapidly to be measured in nitric or sulfuric acid solutions. The rela- 
tive ease with which oxidation of Np(V) occurs compared to that of 
Np(IV) is again observed with permanganate in that Np(V) is prefer- 
entially oxidized on titration of solutions containing both Np([V) and 
Np(V). 

3.15 Peroxide . Hydrogen peroxide reduces Np(VI) to Np(V) in- 
stantly in 0,5M HNOj solutions. Further reduction could not be de- 
tected after a period of 24 hr at room temperature. 

3.16 Silver . Argentic-ion oxidation of Np(IV) is extremely fast. 
In l.OM HCIO4 solution an excess of Ag(n), added as AgO, Instantly 
oxidized Npav) to Np(VI). 

3.17 Stannous . Np(VI) reduces immediately to Np(V) in the pres- 
ence of Sn(II) in chloride solutions. Further reduction is extremely 
slow. 

3.18 Sulfite . Sulfur dioxide in sulfuric acid solutions rapidly re- 
duces Np(VI) to Np(V), but further reduction is quite slow. A veryfast 
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reduction to Np(IV) is apparently obtained in solutions containing hy- 
drofluoric acid. It has been observed that sulfur dioxide added to so- 
lutions containing Np(VI), hydrofluoric acid, and alkali or ammonium 
ions causes an almost immediate precipitation of a fluoride of Np(IV). 
The mechanism for this reduction may be the reverse of that discus- 
sed in the section on bromate oxidation. 

4. SUMMARY 

All available data on the rates of reaction of neptunium ions in acid 
solutions with various oxidants and reductants is summarized. In gen- 
eral the transitions between Np(IIl) and Np(IV) and between Np(V) and 
Np(VI) are rapid whereas the transition between Np(lV) and Np(V) is 
slow. The rate constant for the reaction Np(IV) + Np(Vl) - 2Np(V) in 
l.OM HjSO^ at 25X is 2.2 liters/mole/min. The rate constant for the 
reverse reaction is 5.3 x 10"^ liters/mole/min. The oxidation of 
Np(IV) in bromate solutions is slow and complex. A remarkable ac- 
celeration of the bromate oxidation is observed in solutions contain- 
ing hydrofluoric acid. The hydrogen-ion dependence of the reduction 
of Np(V) by Fe(II) indicates that the mechanism involves ions of Np(V) 
and NpflV) of varying degrees of hydrolysis. 
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TECHNIQUES FOR THE PREPARATION OF THIN FILMS 
OF RADIOACTIVE MATERIAL! 

By D. L. Hufford and B. F. Scott 


1, INTRODUCTION 

Along with the improvement of ionization chambers and the devel- 
opment of range chambers and fission counters has appeared an in- 
creased demand for thinner and more uniformly spread radioactive 
films. Films of active material that are too thick absorb many of the 
heavy fission particles and, to a lesser extent, a particles before 
they can reach the lonizable atmosphere between the two electrodes. 
Films that are uneven and clumped may cause absorption of emitted 
particles by as much as 80 to 90 per cent, depending upon the nature 
and energy of the particle and the degree of nonuniformity of the film. 
This phenomena of self -absorption by radioactive samples is dis- 
cussed to a limited extent in the manual by Jalfey, Kohman, and 
Crawford.' The accuracy of range -chamber and fission-chamber 
measurements is critically dependent upon the thinness and uniform- 
ity of the radioactive film. 

Certain special problems concerning the preparation of radioactive 
film deposits have also arisen. For example, one e}q)eriment re- 
quired 1 pg of uranium to be spread on aluminum of 0.1- to 0.2-mil 
thickness over a 3 sq cm area. Another experiment required 150 mg 
of uranium to be spread over 250 sq cm of aluminum. Still another 
required 5 mg of plutonium to be spread over 3 sq cm of platinum. 


tContribution from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on Metallurgical Laboratory Memorandums MUC-GTS-557 and MUC-GTS- 
558 (January 1944), Report A-1235, and Supplement to Los Alamos Report LAMS-100 
(July 11, 1944). 
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It is the purpose of this paper to summarize and discuss in some 
detail the various techniques that have been used in this laboratory 
for the preparation of these films. Normal evaporation, tetraethylene 
glycol spreading, slurry spreading, electrodeposition, and sublimation 
techniques have all been used here with some success. These various 
methods will be discussed separately. 

2. THE NORMAL EVAPORATION TECHNIQUE 

2.1 Principle . The process of evaporating samples to dryness 
without the use of spreading agents will be designated as "normal 
evaporation." the amount of solid in solution is small, the normal- 
evaporation technique is feasible and rapid. The required volume of 
solution is transferred by pipet as a large drop, or as many small 
drops in a stippled pattern, onto a suitable backing, and the solvent is 
evaporated to dryness by a 250-watt Mazda heat-reflector bulb, which 
has been placed from 4 to 6 in. above the sample. 

2.2 Application . The normal -evaporation method has been used 
for: (1) the preparation of films containing weightless, trace amounts 
of a, d,*or y activity from aqueous solutions on quartz, glass, plati- 
num, or aluminum mounting plates; (2) the preparation of films of 
active material containing an average weight density of 1 to 2 mg/ sq 
cm on platinum or quartz mounting plates for i3 or y analysis; (3) the 
preparation of films of active material from sulfuric acid solutions; 
(4) the preparation of films of active material from organic solvents 
such as diisopropyl ketone and methyl Isobutyl ketone on platinum 
and quartz moimting plates; (5) the preparation of a point source of 
radioactivity on the end of a platinum wire. 

2.3 Procedure , (a) Preparation of Mounting Plates . Circular 
mounting plates, usually H to 2 in. in diameter, are cut or punched 
from new, bright platinum sheet of 2 mils thickness or greater. Since 
smoothness and flatness of the backing plate are essential qualities 
for good film formation, a platinum punch is used whenever possible 
in preparing the mounting plates. Scissors tend to crumple and warp 
platinum when \ised to cut platinum disks. A satisfactory punch for 
making flat platinum disks from metal foil is Illustrated in Fig. 1. 

Three of these platinum punches, ‘/i-, 1-, and 2 -in. sizes, have been 
used in this laboratory. U for some reason a platinum mounting plate 
Of a different size must be prepared, sharpened scissors may be used 
to cut a disk of the desired size, which may then be flattened conven- 
iently by placing the disk in the proper -size punch, e.g., a ^ 4 -in. disk 
can be flattened in the 1-in. punch and a iVs-in. disk can be flattened 
in the 2-in. punch. If the diameter of the platinum mounting plate is 
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larger than 2 In., the disk can be placed between two hard, heavy, 
flat surfaces and rendered flat by pounding the back of the top sur- 
face with a hammer. Grease and dirt may be removed from the plat- 
inum disks by boiling them In concentrated nitric acid. A rinse of 
distilled water and a rinse of acetone complete the cleaning operation. 



The platinum plates are ignited to dull redness over.abunsen flame 
prior to preparation of the radioactive film. Often the ignition of the 
platinum plate in a bunsen flame is the only cleaning treatment re- 
quired. In order to confine the active solution to the plate It Is nec- 
essary to paint a ring of zapon lacquer around the periphery. (Grade 
1233 clear lacquer from the Atlas Powder Company was used.) A 
ring 1 to 2 mm wide Is sufficient for this purpose. When the zapon Is 
dry the backing plate Is ready for the addition of active material. 

Quartz or glass mounting plates are made conveniently from pol- 
ished quartz or glass microscope slides» which can be obtained from 
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Thermal Syndicate. Three 1 sq in. plates may be obtained from a 
single slide. These mounting plates are cleaned In the same way as 
the platinum plates. 

Aluminum mounting plates are cut or punched from new, bright 
aluminum sheet of 2 mils thickness or greater. ;rhese mounting plates 
may be cleaned by scrubbing the plates with soap and distilled water. 
The plates are rinsed with distilled water and subsequently with ace- 
toife. After the plates have been cleaned, each plate is placed in a 
standard ionization chamber and tested for radioactive contamination. 
Zapon rings are used on the quartz, glass, and aluminum mounting 
plates for confining the area to be covered. Sometimes a pencil mark 
or a scratch mark will serve the same purpose when aqueous solu- 
tions are being evaporated. 

(b) Preparation of Standard Active Solutions . If the specific activity 
and purity of a given active material are accurately known, the prep- 
aration of a standard solution is an easy procedure. A weighed por- 
tion of the material is dissolved in an appropriate solvent, and the 
resulting solution is diluted to a convenient volume in a volumetric 
flask or a graduated mixing cylinder. 

If the specific activity of a given active material is not known, then 
the specific activity must be determined prior to the preparation of a 
standard solution. Such a determination has been described as fol- 
lows by Scott and Cunningham^ in their discussion of the preparation 
of a standard uranium solution; "The uranium source may be either 
UOjfNOglg-GHjO or uranium metal and must be of known purity. If the 
salt is used, the solution is made up approximately at the concentra- 
tion desired and standardized by determining the U,Og content of a 
known aliquot. A calibrated plpet should be used for measuring the 
aliquot, and the temperature of the liquid at the time of withdrawing 
the aliquot should be noted. The aliquot should be delivered into a 
clean, weighed platinum dish, evaporated to dryness under a heat 
lamp, and then placed in a cold muffle furnace. The temperature 
shotild then be brought to 800° C over a period of about 20 min and 
held at this temperature for 15 min. The sample is then allowed to 
cool and is weighed. The oxide obtained under these circumstances is 
A convenient aliquot is taken from the same solution for the 
preparation of an assay sample, as described under the TEG (tetra- 
ethylene glycol) technique, and the activity of the sample is counted 
in a standard of -ionization chamber. 

(c) Measurement of Fractional -milliliter Quantities of Active Solu- 
tion . Scott and Cimningham have described the measurement of frac- 
tional-milliliter quantities of uranium solution.^ This method has also 
been used for measuring micro quantities of other active solutions. 
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For most purposes It is not convenient to transfer more than a frac- 
tion of a milliliter of solution onto a backing plate, and for that reason 
the measurement of the aliquot of the standard active solution is done 
with a syringe -controlled micropipet. (Pipets of this type, in the vol- 
ume range of 5 to 500 microliters, can be obtained from Microchem- 
ical Specialties Company.) 

A diagram of the plpet and control is given in Fig. 2. 

The pipets are calibrated for content and as supplied by the manu- 
facturer are accurate to about 1 to 2 per cent. For accurate work they 
should be carefully calibrated. This is done by filling the pipet to the 
calibration mark with mercury and weighing the mercury. With even 
the smallest pipets a calibration carried out in this way can be ac- 
curate to 0.2 per cent. It should be noted that a pipet calibrated in 
this way is calibrated for content and must therefore be rinsed to 
achieve quantitative delivery of an aqueous solution. 



Fig. 2 — Micropipet and control. 


The accurately standardized active solution is drawn into the pipet 
by means of the syringe control. Care must be taken not to draw the 
liquid much above the calibration mark. After the pipet is withdrawn 
from the liquid, the tip should be wiped with Kleenex or similar ma- 
terial. For very accurate work, i.e., work requiring an accuracy 
greater than 0.5 per cent, if active solution is drawn above the cali- 
bration mark, the pipet should be rinsed and dried ^d the pipetting 
operation repeated. If the work does not require such accuracy, care 
should still be taken to avoid drawing the active solution much above 
the calibration mark. If the active solution is drawn slightly above the 
calibration mark, the position of the meniscus is adjusted accurately 
to the mark by repeatedly touching the . tip of the pipet to a smooth 
glass surface such as that provided by a microscope slide. 

The measured sample is delivered slowly onto the prepared mount- 
ing plate, and the pipet is rinsed with at least one complete filling of 
water or dilute acid, depending upon the nature of the activity. For 
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example. In the case of plutonium solutions, IM HNO, must be used. 
If water Is used the plutonium Ion will hydrolyze to the Insoluble 1^- 
droxide, which adheres stubbornly to the Inside walls of the pipet, 
and an incomplete rinsing will result. The rinsing should be carried 
out with a droplet of liquid on a paraffined slide so that the entire 
rinse solution may be transferred to the plate. In this way any ma- 
terial on the outside tip that originated from the initial delivery will 
be transferred to the plate. 

The plate usually rests on a stiff asbestos -board backing, and the 
heat lamp is placed about 4 in. above the sample. If a heat lamp is 
not available, quick evaporation may be performed by placing an elec- 
tric hot plate under the asbestos board containing the sample. How- 
ever, the heat lamp is preferable since it can be adjusted at various 
distances from the sample. In this way, the rate of evaporation can be 
carefully controlled, and the chance of activity splattering from the 
plate is greatly reduced. After the solution has evaporated to dry- 
ness, the sample is ignited to dull redness over a small bunsen flame. 
If mounted on aluminum, the sample cannot be ignited above GOO^C 
since the melting point of aluminum is about GGO^C. However, the 
zapon ring can still be removed by ignition by placing the sample in 
a cold muffle furnace and bringing the temperature to 500 to 600°C 
slowly over a fz-hr period. The zapon can also be burned off by plac- 
ing the sample on a stiff piece of asbestos and holding the asbestos 
over a small bunsen flame. The time required for ignition by this 
method is usually between 5 and 10 min. 

For work requiring an accuracy of 0.5 per cent or better, there are 
several precautions to be observed in the preparation of active sam- 
ples. The pipets used should be rigorously cleaned and tested for 
activity. Treatment with a hot chromium trioxlde - sulfuric acid bath 
followed by rinses of distilled water and acetone usually results in 
successful cleaning. The cleaning and rinsing solution should be drawn 
up into the pipet by the pipet control several times for each pipet and 
each bath. The pipet may then be tested for activity. A portion of IN 
HNO, is drawn to the calibration mark, transferred to a clean mount- 
ing plate, and evaporated to dryness. The plate is then ignited. The 
plate is placed in an ionization chamber and tested for activity. If the 
activity on the plate is well within experimental error, the pipet may 
be assumed to be sufficiently clean for the proposed work. If the ac - 
tivity is not within experimental accuracy, the pipet should be cleaned 
again. 

If the pipet is to be used several times during the experiment, a 
more rapid cleaning procediire may be helpful after the pipet has 
once been used. A simple trap useful in this procedure is illustrated 
in Fig. 3. 
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The ptpet must fit snugly against the Inside walls of the glass tub- 
ing. When the aspirator pump is turned on, rinses of concentrated 
sulfuric acid, concentrated nitric acid, dilute acids, distilled water, 
and acetone may be drawn through the plpet. This method of cleaning 



Fig. 3 — Pipet-cleaning trap. 


a plpet after the first use may be utilized only if in the subsequent 
use of the plpet the aliquot to be taken Is from a solution of the same 
Isotope and Is of the same or greater concentration than the previous 
one. If an aliquot containing another isotope or a smaller concentra- 
tion of activity is to be measiured, either the former method of clean- 
ing and testing pipets should be used or a new plpet should be used. 

The pipets should be calibrated by the person who is to use ttiem in 
order to use the same fiducial mark for the calibrating mercury and 
the solutions used. The measurement of aliquots of active solutions 
and of subsequent rinses should consist of drawing the liquid to the 
calibration mark but not beyond. Care should be taken during the de- 
livery of the sample onto the mounting plate not to push air from the 
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plpet into the drop of liquid on the plate. Such an air bubble, on break- 
ing, throws some portion of the active material off the mounting plate. 
Therefore, most, but not quite all, of the aliquot should be delivered 
onto the plate In one drop. The last fraction of a microliter should be 
delivered onto a separate portion of the plate. The rinse solution 
should be delivered onto a separate portion of the mounting plate so 
that the plpet tip will not become recontaminated and require another 
rinse. 

Another possibility of sputtering and loss of activity arises during 
evaporation of the sample. Sputtering will be caused by too rapid 
evaporation; therefore, it is best to adjust the heat lamp to a height 
that will not cause too rapid evaporation, i.e., a height 4 in. or more 
above the sample. 

Another precaution to be observed is that the solution of active 
material should not at any time during the preparation of the sample 
run onto the zapon, since during ignition the zapon tends to flake and 
blow off the plate before complete burning of the organic layer has 
occurred. These flakes would carry any activity that was on or in 
them. 

(d) Evaporation of Samples from Soluti ons Con taining Sulfuric Acid. 
Sometimes It is necessary to evaporate a sample containing sulfuric 
acid. The standard method described above is not applicable in these 
instances, since once the water has been driven from the sample, the 
sulfuric acid tends to creep through the zapon and over the edges of 
the plate with a resulting loss of activity. A method described by L, 
Magnusson’ has proved to be satisfactory. The plate is mounted on a 
flat metal ring (brass or aluminum) or on a flat aluminum card having 
a hole in the center of the card. The diameter of the hole In the card 
or the Inside diameter of the ring should be 2 to 4 mm less than the 
diameter of the platinum mounting plate. The platinum should be ab- 
solutely flat and should be flush with the mounting at all points of con- 
tact. The plate and mounting are then placed on top of a hot plate. By 
this method the outside edges of the plate are kept at a slightly higher 
temperature than the inside portion. The sulfuric acid will thus be 
confined to the inside area of the plate, and evaporation to dryness 
is easily performed without any loss of activity. 

(e) Evaporation of Samples from Volatile Organic Solutions . Some- 
times during the course of extraction work It is desirable to assay an 
organic solution. Q. Van Winkle* describes the preparation of prot- 
actinium samples from solutions of dllsopropyl ketone. The tech- 
nique used is the same as that used with aqueous solutions, since 
dllsopropyl ketone has an appreciable surface tension. An aliquot of 
the activity -containing dllsopropyl ketone is delivered onto the plat- 
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Inum mounting plate and evaporated to dryness. As much as 30 /ig 
of protactinium has been spread over a 3 sq cm surface In this man- 
ner. The films were described as being very smooth. 

Another extraction solvent is methyl Isobutyl ketone. This liquid 
has a very low surface tension, and upon delivery onto a mounting 
plate It Immediately spreads over the whole surface of the plate, dis- 
solving the zapon and spreading over the edges of the plate. Two 
remedies have been found for this situation. If it is not inconvenient, 
a liquid having a high surface tension, such as ethyl alcohol, may be 
added to the methyl Isobutyl ketone. The other technique consists of 
stippling the solvent onto the plate a few microliters at a time, wait- 
ing each time for the preceding droplet to evaporate to dryness. 

(f) Evaporation of Sample on the End of a Platinum Wire . Some ex- 
periments require a point source of activity concentrated on the end 
of a platinum wire to be used for calibration purposes. In this case 
the active material can be evaporated at the end of the wire. The con- 
centration of the activity in the solution should be as high as is fea- 
sible, i.e., the total amount of activity desired on the end of the wire 
should be contained in a volume equivalent to the volume of the small- 
est calibrated pipet available, i.e., a 5 -microliter pipet. The aliquot 
is delivered onto the end of the wire in one or two portions. The wire 
is heated in a small bunsen flame at a point 2 cm from the end of the 
wire holding the activity. The solvent evaporates at the end of the 
wire leaving the active material concentrated at the tip. 

2.4 Advantages of Normal Evaporation Technique . The normal 
evaporation technique is probably the most generally and widely used 
method of sample preparation since it is simple and requires little 
time. For quick, weightless assay work there is no better way of 
preparing samples. An accuracy of 0.5 per cent can easily be ob- 
tained. Almost any kind of backing plate that is not seriously attacked 
by the solution can be used. Platinum, quartz, aluminum, glass, and 
zapon mounting plates have been used. Point sources as required by 
back-scattering experiments are easily prepared by this method. 

2.5 Disadvantages of Normal Evaporation Technique . When the 
amount of salt in the aliquot exceeds 25 pg, difficulty in obtaining 
uniform samples becomes appreciable. The salts, e.g., Pu(NO,) 4 , 
often remain in solution until only a few microliters of solvent are 
left, and then they deposit in thick clumps or ridges. Self-absorption 
in these thick samples often increases the error as much as 10 to 30 
per cent in a assays. In 0 and y assays, of course, the self -absorption 
factor is not so appreciable, and thicker nonuniform samples can be 
tolerated. Another difficulty is that when evaporating large amounts 
over large areas from an aqueous solution, it is almost impossible 
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to predict what portion or area of the mounting plate is going to be 
covered. A sample cannot be uniformly spread over more than 1 sq 
cm, for example, by the normal evaporation technique. 

3. THE TEG-SPREADING TECHNIQUE 

3.1 Principle . This technique is described by Scott and Cunning- 
ham.^ The radioactive material is dissolved in TEG (tetraethylene 
glycol) and the solution is spread as a thin film over a suitable moimt- 
tng plate. Polymerization of the organic compound is brought about 
by heating. The polymerized compound is then removed by further 
heating, and the radioactive material is left as a uniform adherent 
film on the mounting plate. 

3.2 Application . The method has been used for (1) the preparation 
of films of U3O1 on platinum and quartz plates in the range from trace 
quantities to 2 mg of oxide per square centimeter of mounting plate; 

(2) the preparation of films of PuO, and of NpO, on platinum and 
quartz plates in the range from trace quantities to 100 /ig/sq cm; and 

(3) the preparation of films of radioactive gold on platinum disks in 
the range from trace quantities to 100 ^g/sq cm, 

3.3 Procedure , (a) Preparation of Mounting Plate and Standard 
Active Solutions . These preparations are adequately discussed above 
under the normal evaporation technique. However, the type of mount- 
ing plate used in the TEG technique usually is limited to high-melting 
material such as platinum and quartz, since high ignition tempera- 
tures are needed to dispose of all organic matter. 

A flat surface is essential in the successful employment of this 
technique. Mounting plates of platinum are cut or punched from new, 
bright platinum sheet of 2 mils thickness or greater. The platinum 
disk can be fastened snugly to the surface of a thick (Vb in.) flat alu- 
minum or nickel moiinting-plate holder by using scotch-tape adhesion 
around the edge of the platinum disk. A zapon ring painted around the 
edge of the disk will serve as further binding. The zapon ring should 
extend 1 to 2 mm onto the platinum, as shown in Fig. 4, and about the 
same distance onto tiie mounting-plate holder. When the zapon is dry 
the mounting plate is ready for the addition of the active material. 

(b) Technique of Spreading the Film . Two methods of applying the 
TEG to the mounting plate have proved successful. Perhaps the most 
generally used method consists of adding 1 or 2 drops of TEG from a 
dropper to the plate after the sample and rinse have been delivered. 
H the weight of material on the plate lies between tracer quantities 
and 0.5 mg/sq cm from 5 to 10 microliters of TEG is sufficient for 
each square centimeter of backing to be covered. Thus, if a circular 
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ar«a having a diameter of 1 In. Is to be covered, 1 drop of TEG from 
a dropper Is appropriate. U a circular area having a diameter of 2 in. 
Is to be covered, about 3 drops of TEG from a drojqier Is adeqi»te. 
If the weight of material on the plate is greater than 0.5 mg/sq cm. 



Fig. 4 — Method ol mounting plates for spreading with telraethylene glycol. 


more TEG per unit area should be used. For example, for thick de- 
posits of about 2 mg/sq cm as much as 1 drop of TEG per square 
centimeter has been used. As the TEG polymerizes, it serves as a 
binder for the active material, and more seems to be necessary for 
thick deposits. Premature flaking and cracking of the heavier films 
take place if too little TEG is used. 

Magnusson has described an alternate procedure, which has proved 
successful. A dilute solution is prepared containing 10 drops of TEG 
In 50 ml of water. After the active solution has been delivered onto 
the sample plate, a drop of this dilute TEG solution is used as rinse 
solution for the plpet and subsequently transferred onto the sample 
plate. 

The TEG solution and the active solution are thoroughly mixed by 
rotating and tilting the plate. (The plate and mounting may be placed 
on a stiff asbestos board that can be rotated and tilted.) The mixture 
is then placed about 4 in. below a 250-watt heat-reflector bulb and 
left there until most of the water has evaporated. The heat lamp is 
then lowered to within about 2 in. of the sample. In the course of from 
15 to 20 min partial polymerization of the glycol will occur together 
with precipitation of a finely divided amorphous film throughout the 
glycol. At this point it is important to note whether a uniform distri- 
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bution of material over the plate exists. If not, It may be possible to 
achieve better spreading by tilting the plate. Heating Is continued 
until the plate appears to be dry. Finally, the organic matter Is com- 
pletely removed by heating the platinum or quartz to redness over a 
small bunsen flame. In the case of thick deposits the Ignition step 
should be performed In a muffle furnace. The temperatures should be 
raised to TSO’C over a period of 1 hr. In this way the cracking and 
flaking effect in the film due to temperature gradients between film 
and mounting plate during the ignition and cooling steps is minimized. 

There are a few precautions not taken up in the normal -evaporation 
technique which apply specifically to the TEG technique. A concen- 
tration of nitric acid up to 3M may be tolerated in the active solution. 
However, care should be taken to evaporate the water and nitric acid 
from the TEG slowly, i.e., the heat lamp should be maintained about 
6 to 10 In. above the sample during the initial stages of the evapora- 
tion. If the sample plate becomes too hot, the nitric acid will attack 
the TEG, forming bubbles of nitrogen dioxide, which, on breaking, 
splatter active material off the sample plate. The presence of sul- 
furic acid in the active solution minimizes the chances for an even, 
uniform spread since the sulfuric acid will attack both the TEG and 
the zapon. The films tend to clump, flake, and crack more easily, 
and activity may be lost over the edges of the sample plate. Although 
no splattering occurs when hydrochloric acid solutions are evaporated 
to dryness, loss of activity has been observed during the ignition of 
the samples. Hydrofluoric acid can be tolerated. 

The use of very flat and smooth backing plates has already been 
stressed as highly essential. 

If the TEG contains any nonvolatile residues it should be redistilled. 

Another precaution to be observed is that the TEG should not at any 
time run onto the zapon. At the high temperatures employed for evap- 
oration, the zapon is slightly soluble in the TEG. Activity may be 
lost by the spreading of the TEG over the edges erf the plate or by the 
flaking of the zapon ring during ignition. The ring is adequate as a 
boundary, however, if the quantities of solution are kept as small as 
possible. 

3.4 Advantages of the TEG Technique. The TEG technique is 
unique inasmuch as uniform, thick films containing no extraneous ma- 
terial can be reproduced within an accuracy of 0. 5 per cent. For this 
reason the TEG technique is often used for specific -activity determi- 
nations. 

3.5 Disadvantages of the TEG Technique . Perhaps the most im- 
portant objection to the use of TEG is that the time required for a 
single sample preparation is usually at least 2 hr. i^roxlmate a 
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assays should be obtained by the normal evaporation technique, and 
as a rule the TEG technique Is employed only when an accurate assay, 
specific -activity determination, range determination, fission deter- 
mination, or half-life determination is needed for relatively thick 
films of material. 

Other disadvantages of this technique are the difficulties encoun- 
tered in obtaining adherent films of deposits that weigh 1 to 2 mg/sq 
cm, or deposits over areas greater than 20 sq cm. 

4. THE SLURRY -SPREADING TECHNIQUE 

4.1 Principle . The radioactive material is precipitated as an in- 
soluble compound or is carried in an insoluble compound and slurried 
onto a suitable mounting plate. A uniform spread is obtained by slur- 
rying the radioactive material into a uniform suspension over the 
area to be covered and allowing the liquid to evaporate. The precipi- 
tate deposits evenly over the area to be covered. 

4.2 Application . The slurry-spreading technique has been used In 
this laboratory for; (1) the preparation of films of uranium as NHfUFs 
on aluminum in the range of 0.6 to 2 mg of uranium per square cen- 
timeter, (2) the preparation of films of plutonium as NH^PuFs on alu- 
minum, quartz, or platinum plates in the range 1 to 2 mg of plutonium 
per square centimeter, and (3) the preparation of films containing 
tracer amounts of active material but having a carrier density range 
of 25 pg to 3 mg per square centimeter on platinum, aluminum, glass, 
or lusteroid backings. 

4.3 Procedure, (a) Preparation of Backing Plates. The proce- 
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trated solutions of nitric add, and the trlposltlve state Is oxidised by 
the 1107 Ion to the tetraposltlve valence state. 

Uranium Is usually available as U,0,, UO^. or UO|(N0^)a-6H,O. If 
the nitrate Is the only available form of uranium, it is convenient to 
convert the salt to U,0, before reducing the solution completely to the 
tetri^msltlve state. This operation is easily performed by placing the 
required amount of salt in a platinum crucible and transferring the 
crucible to a cold muffle furnace. The temperature of the furnace is 
brought to 800‘’C during a 20-mln period and is held at this tempera- 
ture for 15 min. Either of the oxides, or UO^. can be dissolved 
by heating in concentrated hydrochloric acid. Once the uranium is 
completely dissolved, the solution is diluted to a convenient volume 
prior to reduction. Electrolytic reduction in a dilute hydrochloric 
acid electrolyte has proved to be a clean-cut quantitative method for 
reducing hexapositlve uranium to the tetraposltlve valence state. This 
method of reduction was used twice at two different uranium con- 
centrations, 300 mg/ml and 15 mg/ ml. In both cases the reduction 
seemed to be quantitative as shown by spectrophotometrlc analysis. A 
hydrogen-platinum cathode and a platinum anode were used. A plati- 
num wire screen was platinized by using the screen as a cathode in a 
concentrated chloroplatinic acid bath. The platinizatlon was achieved 
by passing a current of 0.5 amp through the electrolyte for 10 min at 
a potential difference of 10 volts. The cathode was sealed in a glass 
tube having an opening that would permit hydrogen to enter the cath- 
ode compartment, as pictured in Fig. 5. A glass tube with a disk of 
coarse sintered glass sealed into one end served as the anode com- 
partment A platinum wire rested upright on top of the sintered-glass 
disk. The chlorine gas formed at the anode from the oxidation of the 
Cl~ ton in the hydrochloric acid tended to escape through the top of 
the anode compartment without reentering the main portion of the 
electrolyte. Highly purified hydrogen, 99.9 per cent pure, was used 
for the reduction described here. However, Howland’ reports that 
tank hydrogen can be used. The electrolyte, the two electrode com- 
partments, and a glass stirrer were placed in a 150-ml beaker. Hy- 
drogen was passed through the electrolyte for 15 min to remove any 
oxygen that might have been present in the solution. The reduction 
was performed over a 3-hr period, using a current of 0.2 amp and a 
potential of 25 volts. During the 3-hr period hydrogen was contin- 
uously bubbled through the cell. After the electrolysis had been dis- 
continued, hydrogen was bubbled through the solution for 15 min in 
order to remove any chlorine that may have remained behind. The 
resulting tetraposltlve uranium stock solution was then stored under 
1 atm of hydrogen in a graduated mixing cylinder having a lubricated 
glass stopper. 
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The conditions for the preparation of both the Ni^PiiFg slurry and 
the NHJJF, slurry are essentially the same. A concentration of 10 mg 
of U(IV) or Pu(lV) per milliliter of solution has been found to be con- 
venient. The precipitation Is performed In a paraffined 5- or IS-ml 
cone. The required amount of plutonium or uranium stock Is trans- 
ferred to the cone. A five- to tenfold excess of NHj* as ammonium 
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Fig. 5 — Electrode compartments for uranium reduction. 


chloride (a IN or 2N solution) Is added to the stock solution. The use 
of ammonium nitrate is Inadvisable for the precipitation of NH 4 UFg 
since the NO~ will oxidize tetraposltlve uranium ion. Enough dis- 
tilled water Is added to the solution to bring the final H'*' concentra- 
tion to 2N. The solution Is stirred with. a looped platinum wire until 
completely uniform. A twofold excess of F~ as hydrofluoric acid Is 
finally used to precipitate the uranium or plutonium. The slurry is 
stirred with the platinum wire until the precipitate Is uniformly dis- 
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tributed throughout the aqueous phase. The magnitude of solubility of 
the compounds used In the presence of an excess of NH| Ion Is about 
10 mg per liter. However, too great an excess of F~ Ion tends to 
complex the plutonium and uranium and therefore Increases solubility 
losses. 

The slurry can be centrifuged In a clinical centrifuge. Since the 
precipitate Is quite crystalline, although very finely divided, 5 to 10 
min centrifugation is usually quite sufficient After centrifugation, 
the supernatant liquid is drawn off with a 500-mlcrollter micropipet 
(described under the normal evaporation procedure) and transferred 
to another paraffined container. The precipitate is then slurried into 
1 to 2 mi of distilled water and centrifuged, and the supernatant liquid 
Is again drawn off. This operation Is repeated three times in order 
to free the precipitate completely from free acid or excess salts. It 
Is especially Important to rid the precipitate of acid if the mounting 
plate to be used is aluminum. Aluminum ion tends to dissolve In fluo- 
ride solutions with the formation of the AlFg’ complex. 

Two methods of slurrying the uranium or plutonium onto the plate 
have been used. If the mounting material is platinum, quartz, or 
glass, or if the mounting material is aluminum and the area to be 
covered is less than 20 sq cm, the washed precipitate is slurried with 
a platinum wire into about 0.5 ml of distilled water and transferred 
by micropipet directly to the sample plate. As insurance against loss 
of any part of the precipitate that may have remained behind, another 
portion of distilled water is added to the cone, and a second transfer 
to the sample plate is made. This procedure is repeated until >ill the 
activity has been transferred. Enough distilled water is added to the 
plate to cover the required area. A glass micro stirring rod is then 
used to slurry the entire precipitate into a uniform suspension. The 
uniformity of the final film depends upon how thoroughly and uniformly 
the precipitate is slurried into suspension. The slurrying opera- 
tion may sometimes require 10 to 15 min of vigorous agitation before 
a satisfactory spread is obtained. The active material on the end of 
the stirring rod is rinsed onto the plate with a drop of distilled water. 

Polished aluminum surfaces often present the problem of obtaining 
adequate wetting by aqueous solutions. If the area of aluminum to be 
covered Is less than 20 sq cm, the vigorous agitation of the slurry 
with the stirring rod will serve to wet the required surface. If the 
area to be covered is greater than 20 sq cm, it is often advisable to 
ensure proper wetting of the required surface area by first placing 
the right amount of distilled water on the plate. The surface can be 
wet by repeatedly drawing a film of water over the obstinate area 
with a micro stirring rod. Finally, after a film of water has been 
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[^read over the selected area, the plutonium or uranium slurry Is 
transferred to the plate, as in the preceding paragraph, and is thor> 
oughly slurried into suspension. Films of uranium have been spread 
over 250 sq cm In this manner. 

The water is evaporated from the sample at room temperature 
with a minimum of air currents blowing over the surface. In some 
Instances where heat or a current of air has been applied to speed 
the evaporation, flaking and cracking of the film has resulted, es- 
pecially when the film deposits have had surface densities greater 
than 1 mg/sq cm. Slow evaporation seems to minimize the chances 
of flaking the film. 

If the mounting plate is too large to permit assay by placing it in 
an ordinary a -counting ionization chamber, the amoimt of material 
on the plate must be calculated by subtracting the amount of activity 
in the supernatant liquid from the total amount of activity added to 
the paraffined zone. Another alternative is possible if the mounting 
plate is platinum or quartz. The mounting plate can be weighed be- 
fore the film is spread. After the water has evaporated from the 
plate, the sample is placed in a muffle furnace and ignited to 750°C 
in the case of uranium and to 1000'*C in the case of plutonium. The 
sample plate is again weighed. The difference in weight may be as- 
sumed to be UgOg for uranium or PuOg for plutonium. 

In many instances the film prepared is in the form of the precipi- 
tate. If the self- absorption of radiation by the sample is too great, 
some of the weight may be removed by igniting the sample to the 
oxide. Samples mounted on aluminum plates may be ignited to SOO’C. 
If the samples are mounted on platinum or quartz plates, the sam- 
ples can be ignited to 1000°C leaving the composition of the film as 
UgOg or PuOg. Again, care must be taken to raise and lower the tem- 
perature of the furnace slowly when thick samples are being ignited 
in order to minimize the chances of flaking. 

Another slurry technique has been used in this laboratory for the 
preparation of thick films of uranium. A chimney mounted on a sam- 
ple holder, as pictured in Fig. 6, was the apparatus used lor this 
technique. A quartz disk is placed in the sample holder. A rubber 
gasket serves as a seal between the sample disk and the chimney. 
The chimney is held securely in place by four strong rubber bands 
stretched between the four glass ears on the chimney and the four 
steel hooks on the steel holder. 

Powdered U,Og, which has been either crushed by a ball mill or 
ground by a mortar and pestle, is suspended in methyl alcohol in a 
test tube. Heavy particles of the oxide immediately settle to the bot- 
tom. but the lighter particles remain in suspension and settle gradu- 




When the amount of salt In a solution containing tracer amounts of 
activity Is too great for the normal evaporation technique, the active 
material can be separated by precipitation with a suitable carrier. 
For example, lanthanum fluoride carries tetraposltlve plutonium, 
barium sulfate carries hexaposltlve sulfur activity, manganese dioxide 
carries protactinium, and columblum pentoxlde carries columblum 
activity. The precipitate Is centrlfiiged, washed, centrifuged again, 
and stirred Into a slurry by use of a loop of fine platinum wire. The 
rotation of the loop In the precipitate Is achieved by rolling between 
the fingers the wire leading from the loop. The slurry Is pipetted to 
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the platinum disk, evaporated to a thick paste, spread smoothly over 
the disk with a micro stirring rod, and evaporated to dryness. 

4.4 Advamtages of the Slurry-spreading Technique . If the precip- 
itate Is finely divided, the slurry-spreading technique possesses sev- 
eral distinct advantages over other techniques. Thicker, uniform 
films can be obtained which can be spread over greater areas on al- 
most any type of mounting material. Also, tracer amounts of activity 
can be separated from concentrated salt solutions If an appropriate 
carrier Is used. 

4.5 Disadvantages . The greatest disadvantage of the slurry- 
spreading technique is the fact that it is not analytically quantitative 
as are both the common evaporation technique and the TEG-spreadlng 
technique. Also, as much as 8 to 10 hr is sometimes required for the 
preparation of large films of Nlf^PuF, or NH4UF5. 

5. THE ELECTRODEPOSITION TECHNIQUE 

5.1 Uranium Electrodeposition , (a) Principle . The uranium Is 
electrolytically reduced from the hexaposltlve uranyl ion to the tetra- 
positive state and deposited as a hydrous oxide onto a suitable mount- 
ing plate used as the cathode. 

(b) Application . This method has been successfully used In this 
laboratory for the preparation of very uniform films of uranium on- 
platinum plate within the range of 0.05 to 0.75 mg of U^Op per square 
centimeter of platinum. This same technique has been used elsewhere 
for the preparation of films as thick as 2 mg/sq cm deposited on 
platinum, aluminum, or lead mounting plates.'' 

(c) Apparatus and Procedure . The electrolytic technique used in 
this laboratory was designed and Is described by Cohen and Hull.' A 
stainless -steel holder serves as the cathode for the electrolysis. A 
diagram of the holder is given in Fig. 7. The top of the upraised cir- 
cular center portion of the holder is flat and has approximately the 
same diameter as the platinum mounting plate upon which the uranium 
Is deposited. A different holder is made for each size of sample disk. 
The sample disk, cut or punched from sheet platinum having a thick- 
ness of 2 mils or greater, is placed on top of the upraised portion of 
the holder. A gasket made of vlnylite, bleached rubber, or neoprene 
and having a width of Vs in. and a thickness of 1^2 to Vu In. is fitted on 
top of the platinum disk and Is held in place by fastening the cell 
chimney to the holder with four strong rubber bands. A thin coating 
of rubber cement has also been found to serve well as a gasket. The 
outside diameter of the gasket should be about the same as the di- 
ameter of the platinum disk. The chimney Is conveniently made from 
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pyrex tubing having an inside diameter approximately the same as the 
inside diameter of the gasket. To prevent any leakage from occurring 
between the gasket and the chimney, the bottom rim of the chimney is 
ground flat. Strong rubber bands can be easily prepared from Gooch- 
crucible rubber tubing. 
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Fig. 7 — Stainless -steel cathode holder. 


The anode consists of a 10-mil platinum disk that can rotate freely 
within the glass chimney. This disk is spot-welded onto the end of a 
stainless -steel rod. The other end of the rod should fit snugly into 
the chuck of a stirring motor. The rate of stirring is controlled by a 
Varlac interposed between the motor and the line voltage. 

A 6-volt storage battery is the source of current and a 10-ohm 
slide -wire rheostat is used to regulate the current passing through the 
cell. A cross-sectional diagram of the assembled cell is shown in 
Fig. 8. The individual parts are scrubbed with soap and water before 
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the cell Is assembled prior to electrolysis. In this laboratory 0.4M 
ammonium oxalate has been used as the electrolyte. (Kahn* has re- 
ported another successful electrolyte to be 0.015M NaF.) Approxi- 
mately 1.3 to 1.5 ml of 0.4M ammonium oxalate is used for each 



square centimeter of platinum surface to be covered. During the 
course of their e]q)erimentation, Cohen and Hull* found this amount 
of electrolyte to be best for optimum deposition. The appropriate 
amount of electrolyte is added to the cell, followed by a known weight 
of uranium in the form of a uranyl salt in aqueous solution. The so- 
lution of the uranyl salt may contain any anion that does not attack 
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platinum during the electrolytic process (nitrate, acetate, sulfate, and 
fluoride have all been used successfully), but It should not contain 
large amounts of free acid. Acid in molar concentration equivalent to 
the uranyl salt may be tolerated, but not In much greater amount. In 
cases where appreciable amounts of acid are left behind In the method 
of preparing the uranyl salt, sufficient ammonium hydroxide must 
be added to the cell solution to neutralize the free acid. 

The cell is placed In a water bath heated by a hot plate. (A 6-ln. 
crystallization dish has been found to be an appropriate container for 
the water bath.) The bath is heated to about BCC, and the electrol- 
ysis is started. A set of split watch glasses or four glass micro- 
scope slides are placed on top of the chimney to catch any spray from 
the electrolyte. The platinum anode Is dipped a few millimeters be- 
low the surface of the solution and rotated at about 500 rpm. A cur- 
rent density of 0.13 to 0.15 amp/sq cm Is used throughout the elec- 
trolysis. If the amperage begins to drop, a few crystals of ammonium 
oxalate are added to the cell, and the current then rises to Its former 
value. The electrolysis Is carried out for 20 to 50 min; about halfway 
through this period, the watch glass and sides of the cell are washed 
once with a few milliliters of water. A few crystals of ammonium 
oxalate are added to readjust the current density. 

At the end of the electrolysis 30 to 60 ml of methyl alcohol is added 
to the plating bath before the current is broken. This acts as a rinse 
and also helps to leave the cell dry when It Is drained. The cell Is 
taken apart, and the platinum disk Is Ignited for about 5 min at TS^C. 

The conditions for the electrolysis as described above are some- 
what critical, as reported by Cohen and Hull, and different conditions 
either change the rate of plating or alter the composition of the elec- 
trodeposit. A high current density favors rapid plating, as does the 
temperature of the electrolyte, which Is usually about 10° higher than 
the water bath. Films prepared at a water-bath temperature of 70 
to 80°C have the best appearance. A water-soluble deposit was found 
to be formed at room temperature. 

Cohen and Hull postulate a mechanism of deposition as follows: 
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They found that the electrodeposit prepared In a hot water bath slowly 
dissolved when placed In contact with water. Also, the plating of ura- 
nium oxide at room temperature took place only over long periods of 
time. These facts can be e]q>lalned by assuming that the hydrated 
uranyl cation, represented by "X,” undergoes the schematic changes 
Indicated above when electrolyzed at elevated temperature. Poly- 
nuclear complex Z can lose additional water on further heating and 
thus cause films that are made at about BO^C to be more compact and 
undergo less of a volume change when ignited. 

The rate of stirring Is an Important variable In determining the 
character of the deposit. Higher rates of stirring are advantageous 
for rapid plating. However, higher speeds of stirring result in a rad- 
ical nonuniformity of the film. This can be counteracted to some ex- 
tent by increasing the concentration of electrolyte but only at the 
eiqiense of seriously reducing the rate of plating. 

Ammonium salts of various organic acids were tested in the elec- 
trolyte bath by Cohen and Hull, and ammonium oxalate was foimd to 
be the most satisfactory in producing hardness and adherence of 
film. Films produced with salts such as ammonium nitrate or sulfate 
were uneven, powdery, and not very adherent. However, nitrate and 
sulfate ions may be tolerated in the ammonium oxalate electrolyte, 
since oxalate anions are very effective in displacing other sorbed 
ions.*® 

These workers also investigated the effect of different types of 
platinum surfaces and different kinds of metal upon the rate of plat- 
ing. The following is quoted from Cohen and Hull;® 

‘Tor a series of different types of surfaces, i.e., etched, cold- 
rolled, and polished platinum, the rate of plating as well as the upper 
limit of amount of U,0, per square centimeter of surface increases 
in the order given, the greatest difference being between the etched 
platinum and the other two types. This effect Is so marked that If any 
corroded spots develop on a bright platinum disk, the probability Is 
large that peeling of 1^0^ will take place at those spots. If one con- 
siders with Adam [‘Physics and Chemistry of Surfaces,’ Oxford Uni- 
versity Press, New York, 1941] that a polished metal surface is an 
amorphous layer having powers of dissolving other metals not pos- 
sessed by a crystalline surface, an explanation is then given for the 
tenacity of adhesion of uranium oxide films to polished platinum.” 

Jones, Goldstein, .and KneseP* have reported further evidence that 
electrodeposits formed on tarnished unpolished surfaces of monel 
metal tend to have dull finish, amorphous character, and pinwheel ef- 
fects and that then deposits frequently peeled. After the same monel 
metal disks have been polished with crocus cloth, smooth metallic 
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electrodeposits containing up to 1 mg of uranium oxide per square 
centimeter are easily prepared. 

Cohen and Hull* also found the rate of plating to be affected by the 
kind of metal base. They state: “There seems to be a decrease of 
about 10 per cent In the plating rate In the order of silver, platinum, 
copper, and tin.” 

(d) Advantages of the Electrodeposition Technique for Uranium . 
The electrodeposition technique described above has been found to be 
a quantitative method for preparing very uniform, adherent films on 
the moimtlng materials, aluminum, lead, and platinum. It is conceiv- 
able that quartz could be used 11 a thin coating of aluminum metal 
were sublimed over the outside surface. 

(e) Disadvantages of the Electrodeposition Technique for Uranium . 
Cohen and Hull have found that for an electrolysis lasting 50 min un- 
der the conditions described above, 94 pg of platinum deposits with 
the uranium. Usually this amount of extraneous matter is negligible. 
However, if a graphite anode could be employed, this deposition of 
platinum could be eliminated. Kahn* reported that the graphite anode 
was unsuccessful if used with the sodium fluoride electrolyte. A sec- 
ond disadvantage of the electrodeposition technique is that many im- 
purities present in the reagents readily deposit at the high current 
density that is used. 

5.2 Plutonium Electrodepo si tion , (a) Pri nciple . The plutonium 
is electrolytic ally reduced from the hexapositive plutonyl ion to the 
tetrapositlve state and is deposited as the hydroxide onto a suitable 
backing plate used as the cathode. 

(b) Application . This method has been used successfully in this 
laboratory for the preparation of very uniform films of plutonium on 
platinum backing at plutonium oxide densities of 10 to 100 pg/sq cm. 

(c) Apparatus and Procedure . The apparatus described in the sec- 
tion on uranium electrodeposition is also used for the plutonium elec- 
trodeposition. However, the electrolysis is carried out at room tem- 
perature, and no water bath is needed. A 6-in, crystallization dish is 
used as a container to hold the cell. If any leakage occurs the recov- 
ery problem is simplified, since the active solution is prevented from 
spreading over the hood floor. 

The method described by Miller^* has been found to be useful. She 
states: “An electrolyte, consisting of 0.125N KOH (Baker’s analyzed), 
has been found more satisfactory than the alkali -carbonate solution 
heretofore described. Approximately 1.3 to 1.5 ml of solution is used 
for each square centimeter of area to be covered. The plutonium, 
which must be in the hexapositive state, is added as the nitrate in a 
volume of 0.25 ml or less of approximately 0.06M HNO,. The addition 
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is best made very slowly and with stirring. A current density of 
10 ma/sq cm is used." 

It Is convenient to remove an aliquot for counting at the begiiming 
and after 2 to 2 V 2 hr. By this time the count should have fallen to 
one-tenth of its Initial value. The yield is usually from 85 to 90 per 
cent. 

At the end of this plating the electrolyte is poured off, and the plate 
is washed several times with water while in place. The cell is then 
taken apart. The plate is rinsed again and ignited 1 to 2 min at red 
heat over a bunsen flame. The amount of metal on the plate must be 
determined by counting, since extraneous material is simultaneously 
deposited making the weight gain of no significance. Plates can be 
prepared having 0.1 mg of plutonium deposited as oxide per square 
centimeter." 

Hexapositive plutonium nitrate is usually available in laboratory 
stock solutions. However, tetrapositive plutonium stock can be con- 
verted readily to the hexapositive state by oxidation with potassium 
permanganate. Plutonium is then separated from the permanganate 
by ether extraction from a saturated ammonium nitrate solution.” 

A few observations relative to the potassium hydroxide electrolytic 
procedure have been made in this laboratory. For cells of the 1-in. 
diameter size the electrodeposition is sometimes successful. Ad- 
herent, uniform films having a density of 0.1 mg/sq cm have been at- 
tained. However, some difficulty has been experienced in attaining 
the same density for films prepared from cells of 2-in. size. The 
upper limit for the density of the deposits obtained from this size cell 
has been found to be 0.075 mg/sq cm. The force of stirring causes 
any further deposits of the poorly adherent Pu(OH )4 to be swept from 
the plate. In the absence of stirring, spotted nonuniform films are 
produced. Both these difficulties can be circumvented by carrying out 
two successive electrodepositions on the same backing plate. After 
a film having a density of 0,05 mg/sq cm has been electrodeposited, 
the cell is dismantled, the plate is washed and ignited, and the same 
cell containing the same plate with the ignited film of PuO, is reas- 
sembled. New electrolyte and hexapositive plutoniuin stock are added 
to the cell, and another electrolysis is performed. At the end of the 
plating the film should contain about 0.1 mg of PuOj per square centi- 
meter of backing plate. 

At the time of the writing of this report the method of electro- 
deposition of plutonium from a potassium hydroxide electrolyte had 
been found to be undependable in certain experiments. Two months 
after a hexapositive stock solution had been prepared by permanga- 
nate oxidation and subsequent ether extraction from an ammonium 
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nttrate solution, the yields of the electroplating were observed to have 
diminished with time. Finally, yields as low as 30 per cent were ob- 
tained. It was thought that the hexaposltlve plutonium had been re- 
duced over a long period of time to the tetr^sltlve state by traces 
of NHf or ether peroxides carried over by the extraction. Attempts 
to increase the yields of the electrodeposition by reoxidizing the stock 
solution with dichromate and argentic ions proved unsuccessful. In 
some instances yields as low as 2 per cent were obtained when elec- 
trolysis was carried out in the presence of the oxidizing agent. It is 
possible that electrodeposition may not work well In the presence of 
the chromate or argentic ions. However, it became apparent that the 
potassium hydroxide electrodeposition of plutonium is sometimes 
troublesome and is not thoroughly understood at this laboratory. 

Therefore a sodium bicarbonate -carbonic acid electrolyte was in- 
vestigated. The electrolyte consists of a O.IM NaHCOj solution satu- 
rated with carbonic acid by a constant stream of carbon dioxide bub- 
bling through the cell during the electrolysis. A carbon dioxide gen- 
erator is conveniently prepared by placing dry ice in a stoppered flask 
having a side arm. A potential difference of 12 to 15 volts and a cur- 
rent density of 40 to 80 ma/sq cm are used. The stock solution of 
hexaposltlve plutonium is prepared in the same way as mentioned 
previously. The yields obtained by this method of electrodeposition 
for a 2 -hr electrolysis have varied from 50 to 70 per cent. The films 
are thin, uniform, and adherent. Some impurities, either from the 
anode or the reagents, have been found to deposit with the film. 

An attempt to electrodeposit plutonium by using the same elec- 
trolyte and conditions for electrolysis as described for the electro- 
deposition of uranium has proved unsuccessful. 

(d) Advantages of Electrodeposition Technique for Plutonium . The 
films attainable by electrodeposition of plutonium are adherent, very 
uniform, and very thin. Although the time required to make one sam- 
ple by this method is relatively long, the amount of time demanded of 
the operator is comparatively small. 

(e) Disadvantages of the Electrodeposition of Plutonium . An upper 
limit of 0.1 mg/sq cm to the thickness of the plate has not been sur- 
mounted. Extraneous material is deposited with the active material, 
and the technique as described is not analytically quantitative. 

5.3 Polonium Electrodeposition , (a) Principle . Tracer amounts of 
polonium metal are deposited on a platinum cathode by electrolysis. 

(b) Application. This method has been used for obtaining samples 
of pure a radiation of uniform intensity over a definite area for use 
as standards in range measurement. 
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(c) Apparatus and Procedure . The electrolysis vessel used Is a 
cylinder of i^r ex glass, a pyr ex-glass spacer, and an optically flat 
platinum cathode H In. thick, made lealqiroof by compression on pol- 
ished surfaces by a brass jig, as indicated In Fig. 9. A 40-mll plat- 
inum wire Is used as an anode. 

The cell Is cleaned very thoroughly by heating in concentrated HNO, 
for a Va-hr period and rinsing well with distilled water. If the cath- 
odes are kept grease -free after polishing, they need only to be rinsed 
before use. The cell solution used Is approximately 10 ml of 0.5M 
HNO^. It has been foimd that In order to get yields of 50 per cent or 
more, it is necessary to have an initial polonium concentration of at 
least 10,000 disintegrations per minute In each milliliter of cell 
solution. 

The polonium is purified from Isotopes of bismuth and lead by pre- 
electrolysis in a beaker using gold-foil electrodes. The current den- 
sity of the preelectrolysis should be approximately 3 fia/sq cm. Re- 
dlssolving the deposit in concentrated nitric acid gives a solution of 
quite pure polonium. By using such polonium solutions, nms yielding 
clean plates are made at a current density of 30 (xa/sq cm. 

The time required for yields of 80 to 90 per cent for concentrated 
polonium solutions (greater than 100,000 disintegrations per minute 
per milliliter) depends to a great extent on the efficiency of agitation. 
With efficient stirring a good yield Is obtained in 5 or 6 hr. Highest 
yields are obtained with low acidity, but deposits from solutions of 
higher acidity have been found to be more adherent, 

(d) Advantages . Electrolytic deposits of polonium on platinum are 
very adherent and have little tendency to "creep about" by aggregate 
recoil. Being a "wet" method In all Its phases, electrolytic prepara- 
tion involves less health hazard than sublimation and evaporation. 
Furthermore, the yields from concentrated solutions can be made 
quite high. 

(e) Disadvantages . It is a rather long method, but no careful super- 
vision of the operation is necessary. The concentration of polonium 
deposited by this method Is limited to 76 mlcrocurles per square 
millimeter.*^ 

6. THE SUBLIMATION TECHNIQUE 

8.1 The Acetylacetonate-sublimation Technique . Dixon, Smith, 
and Cunningham^* have described this sublimation technique as a 
method for the preparation of uniform films of plutonium and uranium. 
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Fig. 9 — Polonium electrodeposition cell. 
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(a) Principle . The radioactive element, In the form of a volatile 
acetylacetone compound, Is sublimed in a vacuum onto a suitable 
mounting. 

(b) Application . This method has been applied to the preparation of 
thin, imiform deposits of plutonium on aluminum, platinum, and quartz 
mounting plates at deposit densities of from 0.01 to 100 pg/sq cm. 

(c) Procedure in the Preparation of Plutonium(IV) and Uranlum(IV) 
Acetylacetonate . Dixon and Smith*' have described the preparation of 
the plutonium (IV) and uranium(IV) acetylacetonates. For the prepara- 
tion of the plutonium acetylacetonate an excess of acetylacetone is 
added to a concentrated solution of plutonium(IV) contained in a test 
tube or centrifuge cone. The acidity should be about 0.5M in HCl. 
Enough sodium or ammonium hydroxide is added with the acetylace- 
tone to bring the pH to about 4 or 5. The resulting reaction mixture 
is vigorously stirred and is immediately extracted with benzene. 

For the preparation of uranlum(IV) acetylacetonate the same pro- 
cedure is used. However, uranium(IV) chloride is dissolved in water 
for the preparation of the stock solution. The refractive index of the 
acetylacetone used in the preparation should be taken at frequent in- 
tervals, i.e., once every month or two to determine the extent of de- 
composition. Light and moisture catalyze the decomposition of ace- 
tylacetone, resulting in the formation of acetic acid and acetone. Both 
uranium and plutonium acetylacetonate, and especially the plutonium 
acetylacetonate, are readily hydrolyzed by water and free acids. If the 
refractive index of the acetylacetone is low, it is recommended that it 
be redistilled through an efficient column, i.e., one having an effi- 
ciency of 15 to 20 theoretical plates. 

The plutonium and uranium acetylacetonates can be preserved for 
a limited time, i.e., 1 to 2 months, in the benzene that is used for ex- 
traction. However, if it is desirable to store the compounds in solu- 
tion over a long period of time, it is advisable to evaporate the ben- 
zene solution, dry the acetonate over phosphorus pentoxide, purify by 
sublimation, and redissolve in benzene that has been dried over 
metallic sodium, 

(d) Operation of the Sublimation Unit . A drawing of the sublimation 
unit is given in Fig. 10. The operation of the unit is evident from the 
figure. The radioactive material is confined as a dry powder in an 
effusion capsule. If the acetylacetonate is contained in abenzene stock 
solution, an appropriate volume of solution is dropped into the cap- 
sule with a micropipet by alternately pipetting and evaporating a few 
microliters of solution at a time. The main portion of the activity can 
be kept in the center of the effusion capsule by pressing the delivery 
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tip of the plpet against the center of the platinum dish throughout the 
evaporation of the benzene. The surface tension of the benzene against 
the glass plpet tip prevents the solution from creeping over the edges 
of the capsule. The benzene must be removed completely by evapora- 
tion In vacuum at room temperature before sublimation of the acetyl- 
acetonate is started. The sublimation Is carried out at a pressure 
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Ftg. 10 — Acetylacetonate sublimation unit. 


sufficiently low for the mean free path to be of the order of several 
centimeters. In this way the path of the subliming molecules may be 
defined sufficiently well so that almost all sublimed material will col- 
lect on the backing. The density of the deposit formed In this way will 
not be entirely uniform but will vary Inversely as the square of the 
distance from the effusion hole. 

The foil or other backing on which the sublimate is to be collected 
is affixed to the bottom of the cold finger by means of a platinum 
sleeve, as shown In the drawing. Very thin foils such as 0.1 mg/sq 
cm of aluminum should not contact the cold finger directly but only 
through a peripheral mounting ring. If desirable, a collimating shield 
may be placed directly beneath the foil In order to limit further the 
area of deposition. 
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Alter the loll is In place, the effusion capsule containing the acetyl- 
acetonate Is placed In the bottom section of the apparatus. A Dewar 
flask containing liquid air is placed around the trap. The apparatus Is 
then assembled as shown In the drawing and evacuated to 10~* or 10"’ 
mm Hg pressure. Enough time is allowed for any moisture or ben- 
zene remaining In the effusion dish to evaporate completely. (If this 
precaution Is not followed, some benzene or water vapor may con- 
dense and be frozen on the sublimate plate. A spotted. Irregular film 
will then result. Finally, a dry Ice -trichloroethylene mixture Is 
placed In the cold finger, and the bottom of the effusion vessel Is 
heated to the desired temperature by means of a Wood’s metal bath. 
Since a flame is used to heat the Wood’s metal bath, a noninflammable 
liquid is used in the cold finger. The temperature of the bath must be 
closely watched and maintained between 140 and 165°C. Both of the 
acetylacetonates decompose above 173°C, but below 140‘’C the rate of 
sublimation is very slow. At present the data on the vapor pressures 
of the acetylacetonates are limited to measurements at 140°C. At 
this temperature the vapor pressure of plutonlum(IV) acetylacetonate 
is approximately 4.0 x 10'^ mm Hg, and that of uranium(IV) is approx- 
imately 1.6 X 10"* mm Hg, 

If the area of the orifice of the effusion capsule is known, the rate 
of sublimation may be roughly calculated from the effusion formula 

p = .M 

2>iRT 

where is number of grams subliming per second per square centi- 
meter, P is vapor pressure in dynes per square centimeter, and M is 
molecular weight of compound. 

When it is judged that a sample of proper density has been collected, 
the heating bath is removed, the trichloroethylene -carbon dioxide 
mixture is removed from the cold finger, and the apparatus is allowed 
to warm to room temperature. The vacuum is then released. If the 
apparatus is dismantled while the cold finger is cooler than room 
temperature moisture condenses on the sample. Since the acetyl- 
acetonates are slightly soluble in water, a spotted irregular film Is 
produced. If the operation has been properly carried out, the deposit 
appears perfectly smooth. 

The total weight of the deposit can be determined accurately by 
counting In a standard a chamber. It should be pointed out that the 
deposits consist of materials that have an appreciable vapor pressure 
at room temperature and that a slow volatilization of the prepared 
sample is to be expected. In the case of 0.1 to 1 /ag/sq cm deposits of 
plutonium on aluminum, the thin film of acetylacetonate Is not stable. 
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and the compound converts to a nonvolatile compound. Thicker de- 
posits of plutonium or uranium acetylacetonate on platinum or quartz 
have been stabilized by exposing the film to bromine vapor and then 
Igniting the film to PUO 2 or UgOa In a muffle furnace. 

The bromine fixation can easily be accomplished by placing about 
100 microllters of bromine In the bottom of an open beaker and In- 
verting the beaker over the sample. Five to ten minutes is usually 
sufficient time for this fixation. As a health precaution, because of 
the volatility of the compounds, the Ignition step should be performed 
in a muffle furnace located Inside a hood. An efficient gas mask should 
be worn by the operator at all times when working with appreciable 
quantities of the plutonium acetylacetonate. 

(e) Advantages of the Acetylacetonate-sublimation Technique . Ex- 
cellent films of uranium and plutonium are prepared by this technique, 
and no extraneous material is deposited with the sample. Also, 
almost any type of sample backing can be used In this method. 

(f) Disadvantages of the Acetylacetonate-sublimation Technique . 
Volatile active compounds such as the acetylacetonates constitute a 
health hazard. The over -all yield of this technique is small com- 
pared to the other techniques in use, and the amount of time required 
to prepare a thick sample is sometimes 24 hr. 

6.2 Sublimatio n of PuFj. (a) Principle . Plutonium fluoride sub- 
liihes in a vacuum at about 1200°C and may be collected on a surface 
chilled by liquid nitrogen. 

(b) Application . Flat, uniform samples of plutonium fluoride in the 
weight density range from trace quantities to 1 mg/sq cm have been 
obtained for use in range measurements, as fission-rate standards, 
and for measurement of the absorption spectrum of solid PuF,. 

(c) Apparatus . This technique, which requires rather elaborate ap- 
paratus, has been described by Phipps, Sears, Seifert, and Simpson.^* 

(d) Advantages and Disadvantages . At present this technique pro- 
vides more uniform films than any other known method. The purity of 
the deposit is another great advantage. Its chief disadvantage, aside 
from the difficult procedure, is the large excess of activity required 
which prohibits its use in many cases. 

7. PREPARATION OF PROTECTIVE FILMS OF ZAPON 

As a health protection and as precaution against loss of activity 
from the sample which would affect research results, a binder Is 
sometimes required for thick samples of activity to eliminate the 
possibility that particles of active material would become dislodged 
from the plates. 
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Various methods of estimating the weight of these protective films 
have been used by this laboratory. If the amount of self-absorption of 
a or ^ particles caused by the zapon binder does not have to be ac- 
curately known, a dilute solution of zapon lacquer in ethyl, butyl, 
or amyl acetate can be pipetted onto the sample or sprayed onto the 
sample by means of an atomizer. A dilution ratio of 30 parts by vol- 
ume of solvent to 1 part of zapon lacquer has been found to be con- 
venient. If the sample is weighed before and after the application of 
the zapon, the density of the binder can be determined. 

If a known aliquot of zapon solution is pipetted onto the sample and 
spread over the sample by rotating and tilting the sample on a suit- 
able backing, the density of the zapon film can be predetermined by a 
weight assay. A given aliquot of zapon solution is pipetted into a 
weighing botUe, and the solution is evaporated to dryness at room 
temperature. The weighing bottle is weighed before the aliquoting and 
after the evaporation. 

Films of zapon spread in the manner described above tend to be 
heavier at the spots where the last bit of solvent is evaporated since 
the solubility of the zapon in the acetate esters is large. If the zapon 
solution is sprayed in fine droplets over the sample, a more uniform 
protective film is obtained, but the amount of spraying required to 
give a particular density of binder can only be estimated. 

A method has been developed for the preparation of uniform zapon* 
films with predetermined, accurately known densities.^* A film of 
dilute zapon is spread over an appropriate surface area of water con- 
tained in a circular vessel such as a crystallizing dish. The solvent 
evaporates leaving a solid film of zapon covering the surface of the 
water. A circular copper frame is used to remove the film of zapon 
from the water. A diagram of the frame is given in Fig. 11. 

For this procedure a 2 to 1 ratio of amyl acetate to the “5580” 
zapon cement is used. A 6-in. crystallizing dish is completely filled 
with distilled water. The copper frame is made out of Vie-in. copper 
wire. It is essential that the ring describe a perfect circle, and that 
the top of the circular ring be flattened. The ring is placed at the 
bottom of the dish with the top of the handle hooked over the edge. A 
selected number of drops of dilute zapon is transferred to the surface 
of the water. The film of zapon is spread by repeatedly drawing a 
pencil point through the surface of the solution starting in the center 
and ending at evenly spaced points around the edge of the dish. At the 
points where the pencil point is drawn over the edge of the dish, zapon 
“anchors” are formed, which, when the solvent has evaporated, hold 
the zapon film taut. As soon as all the solvent has evaporated, the 
frame is raised until it is in contact with the film. The zapon anchors 
are then dissolved by the use of a dropper filled with amyl acetate. A 
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droplet of amyl acetate Is forced onto the outside of the tip of the 
dropper, and the dropper is drawn through the zapon anchor. The 
frame is slowly lifted from the water, and the zapon film, if the oper- 
ation Is performed correctly, remains stretched across the wire cir- 
cle. About 2 hr are allowed for the film to dry at room temperature 
or IS min in an oven at about TO^C. 

Alter the film has become completely dry its density is determined. 
A square of cardboard having an accurately known area is used as a 
pattern. The film is placed between two sheets of tracing paper, and 
a razor blade is used to cut around the pattern and through the paper 


£ 


SIDE VIEW 

Fig. 11 — Copper frame for zapon films. 

and film. The two squares of paper are weighed first with and then 
without the square of film between them, and the difference is the 
weight of the square of film. Films having surface densities ranging 
between 40 and 1,000 pg/sq cm have been prepared in this laboratory 
using this method.^^ By using the same frame, the same size dish, 
and the same number of drops of zapon solution, it is possible to re- 
produce the thickness of film within 5 per cent. Also, with care the 
density of the film can be made to vary directly with the number of 
drops of zapon dilution within 5 per cent. 

After the zapon dilution has been determined, a film of the desired 
density is prepared. A ring of aquadag is painted around the periph- 
ery of the sample plate, and the film is lowered into contact with the 
sample plate. After the aquadag cement has dried, the rest of the 
film is cut away from the sample with a razor blade. 

8. METHODS OF CLEANING ACTIVITY FROM PLATES 

Three solvents for cleaning ignited plutonium and uranium plates 
have been used successfully in this laboratory, namely, sulfuric acid, 
potassium bisulfate, and hydrobromic acid. In the case of each sol- 
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vent, heating has been required, and the cleaning procedure Is re- 
peated until the background of the plate Is low enough for the plate to 
be used as a sample backing again. 

Plates containing enough activity to warrant recovery are usually 
cooked In either hot concentrated sulfuric acid above 200°C or 48 per 
cent hydrobromlc acid at 110”C. Either a hot plate or a heat lamp 
can be used as a source of heat. It Is preferable to use hydrobromlc 
acid to recover activity from plates because any SO^~ Ion must be 
disposed of before methyl Isobutyl ketone or ether extraction can be 
performed with good yields. The hydrobromlc acid Is evaporated to 
dryness at about llO^C, and the plates and container are rinsed with 
concentrated nitric acid. This procedure of evaporating and rinsing 
Is repeated three or four times, and the activity is usually almost 
quantitatively removed from the plates. For example, O'Connor* re- 
ports that a 99.7 per cent recovery from a platinum plate containing 
1.35 mg of PuO^ that had been ignited to 1000‘’C was accomplished by 
hydrobromlc acid solvation. 

Recently a preliminary experiment using very concentrated nitric 
acid and rather dilute hydrofluoric acid as a hot cleaning solution re- 
duced the activity of PuO, on a platinum disk from 240 jag to 1 fig* 
Similarly, a concentrated nitric acid -concentrated hydrobromous 
acid mixture reduces and dissolves PuO, from platinum disks upon 
heating strongly. In general, contact with strongly reducing concen- 
trated acid solutions has been successful In recovering PuO^ deposits 
from platinum In this laboratory. 

The last traces of activity are often readily cleaned from platinum 
and quartz plates by the potassium blsiilfate fusion method. Approxi- 
mately Vz lb of potassium blsulfate is placed In a large porcelain or 
platinum crucible and heated with a Meker burner to a temperature 
above 210°C, the fusion temperature of potassium bisulfate. Each 
plate is separately transferred to the bath to ensure good contact with 
the solvent. After all the plates have been placed in the bath, the bath 
Is heated to a higher temperature. The plates are cooked In this bath 
for 1 or 2 hr, then the bath is allowed to cool to room temperature, 
and the crucible and plates are transferred to a concentrated nitric 
acid bath. This bath Is heated imtll the potassium blsulfate has dis- 
solved, and the plates are rinsed with distilled water followed by an 
acetone rinse. Two or three potassium blsulfate fusions are usually 
sufficient to reduce the background of the plates to less than 10 dis- 
integrations per minute. However, If the background cannot be re- 
duced to such a level. It is usually necessary to use a fine emery 
p^r to eliminate the activity that has become dissolved or fused 
Into the platinum surface. 
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9. SUMMARY 

Many fundamental measurements on radioactive material require a 
thin, uniform, smoothly spread source of activity. This requirement 
has Instigated research involving varied principles and techniques 
wherel^ smooth films of radioactive deposits may be prepared. This 
report is concerned chiefly with the preparation of films of uranium 
and plutonium. However, the principles and techniques described can 
be applied to other radioactive elements in many Instances. 

Five general methods, the normal evaporation technique, the tetra- 
ethylene glycol spreading technique, the slurry -spreading technique, 
the electrodeposition technique, and the sublimation technique, have 
been employed successfully in this laboratory, and each of these 
methods is described in a separate section of this report. 
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AN IMPROVED TECHNIQUE FOR PRECISE ALPHA 
RADIOMETRIC ASSAY t 

By E. F. Westrum, Jr. 

1. INTRODUCTION 

A precise method of assay for radioactive isotopes is needed in the 
determination of the specific activity of an isotope or mixtures of 
isotopes, in the determination of the composition of a compound, in 
the establishment of purity of a given compound, and in the accurate 
determination of the concentration of plutonium in a solution, e.g., in 
calorimetry or in solubility determinations on a micro or semimicro 
scale. The method described here is not, of course, limited to pluto- 
nium, but it should prove of worth generally with radioactive prepa- 
rations of suitable specific activity in operations on the micro and 
tracer scales. 

The general principles of radiometric assay and of the errors in- 
herent in the counting procedure have been discussed^ and will not, 
therefore, be considered here. 

2. VOLUMETRIC MEASUREMENT OF FRACTIONAL-MILULITER 
QUANTITIES OF ACTIVE SOLUTIONS 

Micropipets^’^ equipped with syringe controls are usually employed 
for the volumetric delivery of solution samples of the order of 5 to 
500 microliters. 

Although this technique is rapid and convenient for quantitative 
work where an uncertainty of the order of 0.5 per cent may be toler- 
ated, it is subject to several limitations for work requiring an ulti- 
mate standard error of less than 0.2 per cent. 


t Contribution from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 
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.In accurate work such pipets must be carefully calibrated, usually 
by weighing the mercury delivered. Because of the relatively large 
bore of the capillary in the vicinity of the fiducial mark, very accu- 
rate adjustment of the meniscus at the calibration must be made dur- 
ing calibration and use. The calibration is tedious, and tne errors 
Introduced by neglect of the difference in curvature of the menisci of 
mercury and aqueous solution may not be negligible. As an alternate 
procedure, the pipet may be calibrated with aqueous solutions, for 
example, by titrating aliquots of standardized acid. 

Since the pipet is calibrated for content rather than for deiivery, at 
least two rinsings are necessary to ensure quantitative delivery. As 
might be expected, the precision of the method varies greatly with 
the skill and experience of the analyst. Frequently one or more dilu- 
tions are required before plating; when this is so, the cumulative 
uncertainty is large. 

3. ADVANTAGES OF GRAVIMETRIC MEASUREMENT OF FRACTIONAL- 
MILLILITER QUANTITIES OF ACTIVE SOLUTIONS 

In connection with some calorimetric measurements and some 
precise relative specific -activity determinations, a more accurate 
assay technique was required; the gravimetric procedure described 
below was devised . Briefly, it consists of preparing all the solutions 
by weight and determining the amount of solution plated gravimetri- 
cally rather than volumetrically. 

For example, consider the determination of specific activity of a 
piece of plutonium metal. The weight of the metal is determined on 
an appropriate balance. Then it is placed in a small, weighed, glass - 
stoppered Elrlenmeyer flask, a suitable quantity of solvent (e.g., dilute 
aqueous sulfuric acid) is added, and the combined weight of flask and 
solution is determined after the chemical reaction has taken place. 

The concentration of the solution may be expressed in terms of 
weight of plutonium per unit weight of solution. If the concentration 
thus obtained is too high for plating, a dilution may be performed by 
delivering a convenient volume (e.g., 500 microliters) of thoroughly 
mixed initial solution to a weighed glass -stoppered flask of appropri- 
ate size, stoppering it, and rewelghing. More solvent is then added 
from a buret to dilute to exactly the desired concentration, and the 
weight of the final solution is determined. 

Although very small volumetric flasks may be obtained, either tlie 
area of the neck in the vicinity of the calibration is too large to per- 
mit accurate volume determination, or the neck is so small that it 
causes difficulty in mixing. The use of small tared Erlenmeyer flasks 
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gravlinetrically enables one to use quite light flasks with small glass 
stoppers and yet have ease of mixing. Dilution to a given concentra- 
tion is convenient with the gravimetric procedure; consequently cor- 
rections for unequal counting rates may be minimized. 

The arrangement shown in Fig. 1 was used for plating. A thin op- 
tically flat glass disk was placed on each pan of the balance, and a 
cleaned backing plate of quartz or platinum was centered on the glass 
of the left pan and covered Avlth a thin Incite cover. 



FiB. 1 — Scheme of plating by the gravimetric procedure. 


After the apparent weight of the above system had been ascertained, 
an appropriate quantity of solution was delivered to the center of- the 
■backing plate with a micropipet, and the lucite cover was immediately 
replaced over the sample. A timer started when the sample is de- 
livered makes it possible to record the apparent weight as a function 
of time and to extrapolate to zero time if the drift is appreciable. 
The amount of sample delivered is determined by weight; the pipet 
serves only as a transfer instrument to deliver approximately a pre- 
scribed quantity. 

Owing to evaporation, the solution will, in general, lose weight. The 
function of the lucite cover is to retard evaporation and decrease the 
rate of loss of solvent. A furtlier aid in this direction is tlie use of 
sulfuric or perchloric acid solutions to reduce the partial pressure 
of the water. Although sulfuric acid solutions are considered diffi- 
cult to plate, the technique described below permits control of the 
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spreading for all reasonable amounts of acid . It was noted that the 
use of approximately 3M H^SO^ as solvent gave a drift In the equi- 
librium position of the balance corresponding to a change of 0.00 to 
0.2 per cent per minute for a 100-mg sample, depending on the hu- 
midity. Under these conditions the extrapolation over the first 6 to 
10 sec while the Incite cover is off can be made with good precision. 


Table 1 - Typical Precision of Gravimetric Counting Procedure Applied to the Determination of 
Specific Activity of Plutonium Metai* 


Determi- 

>K/elght ol 

Concentration of 

Concentration of 

Amount of 

Observed relative 

nation 

Pu metal, 

solution A,t 

solution B.t 

.solution B 

counting rate,| 

No. 

mg 

iig Pu/nig solution 

fig Pu/mg .solution 

plated, mg 

counts/ min/fjg 

1 

5.808 

0.08356 

0.018913 

81.07 

70,798 14§ 





B1.37 

70,799 22 

TI 

10.678 

0.08650 

0.01 8970 

79.54 

70.789 - 20 





80.86 

70,805 _♦ 20 


70,790 !; 14 (av.) 


t Ail solutions were 3.0M with respect to HjSO^. Solution B was prepared by weight from a 550 -mg 
aliquot of solution A. 

iThe observed counting rate has not been corrected for the resolving time of the counter, although 
the slight correction to an identical average sample size has been made in the observed counting rate. 
The area over which the active material was distributed varied from 0.3 to 3.0 square centlirieter.s 
on the various plates. 

SThe uncertainty attached to these averages of several countings in a parallel-plate argon - rarlion 
dioxide chamber Is the standard (statistical) error and agrccfi with observed variation In the count- 
ing rate. 


A balance that has proved very convenient for this work is the 
Christian Becker Semi -Micro Chainomatic Balance No. 360 with a 
capacity of 100 g and a sensitivity of about 10 divisions per milli- 
gram. Buoyancy corrections on the solutions may be neglected since 
their densities will be nearly identical. Since plating can be done this 
way with better precision, fewer plates are needed for a given degree 
of accuracy. Furthermore, corrections for the temperature changes 
of the solutions are entirely eliminated. 

The use of a micro weight-buret for this purpose has been con- 
sidered, but it was not adopted because small differences between 
much larger weights would have been required; and the delivery of 
duplicate samples of very nearly identical size is not feasible. Slight 
weighing irregularities Induced by the handling and manipulation of 
such a buret and the inconvenience of cleaning and rinsing the buret 
for use with a different solution suggest that the above gravimetric 
procedure is more accurate and efficient. 

The excellent concordance, indicated in Table 1, of the observed 
counting rate of four plates prepared from two samples of spectro- 
scopically pure plutonium metal Is typical of the precision achieved. 
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4. A PLATE -HEATING DEVICE FOR CONTROL OF SPREADING 
SULFURIC ACID SOLUTIONS DURING VAPORIZATION 

As has been noted, ‘the normal evaporation technique ^ives entirely 
satisfactory plates for a radiometric assay of material containing on 
the order of 1 p g of pure plutonium per square centimeter. However, 
the tendency of the hot concentrated sulfuric acid (produced upon va- 
porization of most of the water from the relatively dilute solution 
plated) to spread over the edges of the plates is so pronounced that 
even with the use of a zapon film special methods are necessary. 

Although baked glyptal or bakelite retaining films have been found 
to be of some value and more uniformly successful with sulfuric acid 
than zapon, the tendency of the organic film to flake and blow off dur- 
ing flaming before complete combustion has occurred (with a conse- 
quent possible loss of active material) has directed interest to a 
plating process in which organic films could be eliminated completely. 

A device that has proved both convenient and satisfactory for this 
purpose and for controlling the extent of the area over which the ac- 
tive material is distributed is shown in Fig. 2. The nichrome heater 
maintains the edge of the plate at a slightly higher temperature than 
the center portion, thus confining the concentrated acid to the inside 
portion of the plate. The heating unit is wound on a nickel collar that 
slips over a tube, on top of which rests the quartz or platinum plate. 
A flange on the collar fits over the edge of the platinum plates and 
maintains them flat despite the tendency of unannealed platinum to 
warp and buckle upon heating. The flange thereby assured the absence 
of cold spots around the edge of the platinum to which the film of acid 
would flow. Quartz plates are rigid and, consequently, may be placed 
on the leveled portion of the collar flange. A 250-watt heat lamp is 
placed about 4 cm above the sample to provide most of the heat for 
vaporization. Both heater and heat lamp are controlled with Variacs. 
By maintaining proper balance of the two heat sources the area of the 
evaporating solution can be controlled at will, and the rate of vapori- 
zation can be readily controlled even during the removal of the last 
trace of solution. Two rapid-acting adjusting screws are provided in 
the base of the tripod stand to permit leveling of the platinum plate 
and centering of the solution despite air currents in hoods. 

This device has provided a means of preparing uniformly thin films 
on both quartz and platinum containing as much as several micro - 
grams of plutonium per square centimeter and remarkably even in 
density when examined microscopically. If the backing plate is prop- 
erly cleaned and if the redistilled sulfuric acid and source of active 
material are free of nonvolatile impurities, the presence of films 
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of density 1 |btg/sq cm frequently cannot be detected with the unaided 
eye. Table 1 gives a partial indication of the reproducibility of this 
plating technique for a counting. 

A slight variation in the technique has been used to prepare films 
containing as much as 10 pg/sq cm of plutonium on both quartz and 


PLATINUM OR QUARTZ PLATE 



Fig. 2 — A convenient device for the controlled spreading and drying of radiometric 

as^say plates. 

platinum. The sulfuric acid solution was evaporated to dryness; a 
drop of 2M HNO 3 and a drop of redistilled tetraethylene glycol (TEG) 
were then added to the cool plate, which was reheated with the unit 
described. No zapon film is required to prevent the solution from 
spreading over the edge with the use of this heating unit. 

Although a slow rate of vaporization and polymerization is desira- 
ble in the initial stages of the TEG process,^ the flexibility of the 
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heating unit is such that considerably less time is required during 
the final stages of polymerization and removal of the polymer than is 
required in the usual method. 

With this procedure quite uniform films have been obtained on 
quartz, pyrex, and platinum. The films have proved satisfactory for 
a counting, and they gave counts identical within statistical error to 
those prepared by direct plating from sulfuric acid solution.* 

There is some indication that such plates may be suitable for even 
the more stringent requirements of thermal neutron -induced fission 
studies.* 


5. SUMMARY 

An exclusively gravimetric procedure of high precision for ali- 
quoting and plating samples in the determination of amounts and con- 
centrations of radioactive isotopes has been devised and tested. A 
convenient heating device for preparing uniformly thin films with 
microgram amounts of solid is described. This is especially prac- 
ticable for the controlled evaporation of solutions such as aqueous 
sulfuric acid and tetraethylene glycol, which tend to spread over the 
edge of the counting plate. 
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BACK-SCATTERING OF Pu”® ALPHA PARTICLES 
FROM PLATINUM t 

By B. B. Cunningham, A. Ghlorso, and J. C, Hindman 
1. INTRODUCTION 

At the time when weighable amounts of a pure Pu®®® compound were 
first isolated,^ a preliminary estimate of the specific activity and half 
life was made on the basis of the o'- counting rate of known aliquot 
portions of a weighed sample. The samples were prepared on plati- 
num plates and placed on an electrode on the inside of an ionization 
chamber designed to count approximately 50 per cent of the a par- 
ticles emitted by the sample. It was found that the counting rate was 
7.5 X 10® Of counts per minute per microgram of plutonium on the as- 
sumption that the compound weighed was pure PuOj. Some time pre- 
viously the counting yield of the counters used in this e;q)eriment had 
been evaluated as 45 per cent by the use of a uranium standard. This 
value for the counting yield was used to calculate the specific disin- 
tegration rate of Pu®®® from the observed counting rate. From the 
specific disintegration rate so obtained the half life was calculated to 
be 20,000 years. 

Later, three additional determinations of the specific disintegration 
rate were reported,® These determinations indicated a counting rate 
of 7.3 X 10®, 7.4 X 10®, and 7.2 x 10® cr counts per minute per micro- 
gram. In the meantime, improvement in counter design had led to a 
reevaluation of counting yield and a revision to 47 per cent. On this 
basis the half life was reported to be 21,300 years. 

In addition, recent experiments, which are reported in detail in a 
subsequent report, indicate a counting rate in the 50 per cent geom- 


tContrlbullon from the Chemistry Division of the Metallurgical Laboralory, Unlver- 
slty of Chicago, now the Argonne National Laboratory. 

Based on Metallurgical Project Report CK*888 (Aug. 7, 1943). 
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etry counters of 7.1 x 10* a counts per minute per microgram for 
thin samples mounted on smooth platinum. However, there is reason 
to believe that the counting yield is considerably higher than pre- 
viously estimated, and the half life correspondingly longer. The ex- 
perimental method used to evaluate the counting yield of the standard 
50 per cent hlgh-geometry counters is described below. 

2. DETERMINATION OF COUNTS PER DISINTEGRATION FOR THE 
50 PER CENT HIGH-GEOMETRY COUNTERS 

The reevaluation of the counts -to- disintegration ratio in the 50 per 
cent geometry counters used in determinations of the specific activity 
of plutonium has been made by calibration against a low-geometry 
counter of accurately calculable counting geometry. Plutonium sam- 
ples were counted on the low -geometry counter, dissolved, and count- 
ed by the use of accurately measured aliquots on the high-geometry 
counter. (In the hlgh-geometry, or 50 per cent geometry, counters 
the sample plate is placed on an electrode, which is placed inside the 
counting chamber directly below the collecting electrode.) 

2.1 Construction and Cal i bration of Low- geometry Chamber .* An 
accurately known geometry standard was obtained by the method of 
reducing the solid angle defined between the sample and the aperture 
of the counting chamber. The sample is mounted in a vacuum at a 
known distance from a single accurately defined aperture. A thin 
mica window (about 1.5 mg/sq cm) covered with a film of aquadag 
separates the evacuated section from the ionization chamber, which 
is at atmospheric pressure. Alpha particles emitted from the sample 
in the direction of the aperture travel through the evacuated space, 
through the window, and then into the ionization chamber; here they 
produce ions, which are collected and counted in the conventional 
manner. Negligible absorption of the a particles by the window and 
aquadag is indicated by the fact that all the a ‘'kicks” observed are 
within 20 per cent of the same height. 

The aperture was accurately measured with a short range cathe- 
tometer and found to be 1,016 cm in diameter. The distance between 
sample and aperture was 12.30 cm. H the sample is assumed to be a 
point source, the solid angle within which a particles from the sample 
enter the chamber is easily calculated as being equal to the area of 
the aperture divided by the area of a sphere of radius equal to the dis- 
tance of the sample from the aperture. 



T^le 1 — Evaluation of Counting Yield d 50 Per Cent Geometry Chambers 
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where d is the diameter of the aperture, r is the distance between 
aperture and sample, and G is the counting yield. 

For a point source and the above conditions, G = 4.264 x 10'\ Cor- 
recting for the fact that the sample was not concentrated at a point but 
actually occupied a circular area about 5 mm in diameter, G was cal- 
culated to be 4.26 x 10"'*. 

2.2 Comparison of Count i ng Rates o f the Low-geometry and 50 Per 
Cent High-geometry Counte rs. Four samples, (three of approx- 
imately 2 fig each and one of 15 fig) were prepared and spread on 
platinum over a circular area of approximately 5 mm diameter. Each 
was counted in the vacuum low-geometry counter. Each sample was 
then dissolved and made up to 10 ml of solution. Twenty-five-micro- 
liter aliquots of these solutions were placed on new flat platinum 
disks, evaporated to dryness, and then ignited, and careful counts 
were made in the 50 per cent geometry chambers. The calibrations 
of the volumetric equipment used in this work were checked, and the 
original plates were examined for undissolved a activity after the 
dissolving operation. Corrections were made for the activities left 
on the plates and in the dissolving dishes. In evaluating the counting 
yield of the 50 per cent geometry counters by comparison with the 
vacuum low- geometry counter, it was assumed that back-scattering 
of a radiation in the solid angle subtended by the aperture of the low- 
geometry counter is negligible. These data are given in Table 1. 

2.3 Back-scattering of Alpha Particles . The results of these ex- 
periments indicated that the counting yield of essentially weightless 
samples of Pu®^*, mounted on platinum, when counted in the 50 per 
cent geometry counters was actually 52.0 per cent. This result was 
surprising, since it had always been assumed that the maximum 
counting yield that could be obtained was 50 per cent. A preliminary 
calculation by John Crawford'* indicated that back-scattering of a 
particles at small angles could exist to an appreciable extent. To 
test this possibility some preliminary experiments were made by 
counting identical weights of U,0, on platinum and on quartz, on the 
supposition that back- scattering would decrease with atomic number. 
A 2.4 per cent (1.2 parts in 50) lower count was. observed for two 
samples on quartz, compared to the identical samples mounted on 
platinum. Since it was thought that there might still be scattering 
from the uranium on quartz, the same experiment was repeated using 
essentially weightless Pu®®* samples. Tn one experiment two pairs of 
samples showed a 3.1 per cent (1.55 parts in 50) difference, and in a 
later experiment three pairs of samples showed a 2.9 per cent (1.45 
parts in 50) difference. It seems, therefore, quite possible, though it 
was not proved, that enough small-angle scattering may occur when 





fiiiTi a-active samples are mounted on platinum to increase oie count- 
ing ^eld In a 50 per cent geometry counter by as much as 4 per cent 
(2 parts in 50). 


3. SPECIFIC ACTIVITY AND HALF LIFE 

Using the counting yield (52 per cent) indicated by comparison with 
the low-absolute-geometry counter, the most recent measurements of 
the specific counting rate of Pu“* (7.1 x 10* counts per minute per 
mlcrogram) indicate a specific disintegration rate of 137,000 disin- 
tegrations per minute per microgram and a half life of 24,000 years. 
At the time of this writing a reliability for this figure of greater than 
± 5 per cent could not be claimed. 


4. SUMMARY 

The apparent specific activity of Pu”* spread as a thin layer on 
platinum has been found to be 4 per cent higher in a 50 per cent ge- 
ometry counter than in a 0.04 per cent geometry counter. The dif- 
ference is attributed to low- angle back- scattering of Of particles by 
platinum. Qualitative support for this hypothesis is furnished by the 
observation that identical weights of Pu”” show a 3 per cent lower 
counting rate when mounted on quartz in a 50 per cent geometry 
counter than similar samples mounted on platinum. 
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NOTE ON BACK -SCATTERING OF Pu** ALPHA PARTICLES FROM 
PLATINUM SAMPLE PLATESt 

By J. H. Parsons, O. Flatau, J.K. East, R.Dandl, and C. J. Borkovskl 


An attempt has been made to evaluate the back-scattering of pluto- 
nium a particles (3.7 cm range in air) from platinum sample plates 
(see Paper 16.3 of this volume) by first counting the sample in a vac- 
uum low -geometry chamber of calculated geometry, and then counting 
the same sample in the Simpson proportional counter and correcting 
for coincidence in both cases. No self-absorption corrections were 
made inasmuch as the samples were evaporated from tetraethylene 
glycol and were extremely thin. 

The counting yield of the Simpson proportional counter was found 
to be the same as the standard chambers so that it was assumed that 
the back-scattering factor obtained for the Simpson proportional 
counter would also apply to the standard chamber. 

The following table gives the data up to the present time: 



Counting rate 

Counting rate 


Counts per minute 

Counting yield 


In vacuum 

In vacuum 

Disintegrations 

in Simpson 

in Simpson 


chamber 1 

chamber 2 

per minute 

proportional 

proportional 

Sample 

(factor 3654) 

(factor 3672) 

in sample 

counter 

counter, % 

1 

75.3 + O.WTEy* 


275,200 

142,900 

51.9 

2 


73.4 1 0.4 

277,600 

143,000 

51.5 

3 

74.9 t 0.4 


273.500 

142,700 

52.1 


^Nine-tenths error (due to statistics of counting). See National Nuclear Energy Series. Division 
IV, Volume 8 A. 


t Contribution from the Clinton Laboratories, now the Oak Ridge National Laboratory. 
Based on Clinton Laboratories Report CL-P-337 (Oct. 11, 1944). 
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APPARENT SPECIFIC ACTIVITY OF URANIUM IN A 
27?-GE0METRY CHAMBERT 

By B. B. Cunningham, A. Ghiorso, and A. H. Jalfey 


1. INTRODUCTION 

Some time ago the specific activity of Pu^^^ was reported^ as 
155,000 disintegrations per minute per microgram with a probable 
error of +5 percent. The largest single source of error was con- 
sidered to be in the estimation of counter geometry, which in most of 
the specific -activity determinations had been taken as 47 or 48 per 
cent. Recently work has been undertaken to secure a more accurate 
value for the specific activity and half life of Pu^^". In this connection 
the question of counter geometry has received first attention. It was 
proposed to determine the counter geometry by the simple expedient 
of determining the counting rate of a known weight of a emitter of 
known specific activity. This appeared entirely feasible in view of 
the very precise values for the specific activity of uranium reported 
by Kovarik and Adams. ^ 

Our efforts to determine counter geometry by this technique have 
failed in the sense that we have not been able to obtain reasonable 
figures for counter geometry using uranium and the specific -activity 
value reported by Kovarik and Adams. The results found by us have, 
however, been entirely consistent, and we believe that they are of 
interest as a measurement of the apparent specific a activity of 
thinly spread uranium in a 2ir-geometry ionization chamber. A de- 
tailed description of our technique and results follows. 


TContribution from the Chemistry Division of the Met.Tllurgical Laboratory, Uni- 
versity of Chicai^o, now the Arf^onne National Laboratory, 

Based on Metallurgical Project Report CK-B88 (Aug. 7, 1943), p. 8. 
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2. PREPARATION OF STANDARD URANIUM SOURCES 

In the work reported here we have used three sources of uranium. 
The first source was Malllnckrodt U 0 ^(N 0 ^) 2 ' 6 H 20 . This material 
was purified by the manufacturers by ether extraction and was shown 
by spectrographic analysis to be of excellent purity. The principal 
impurities were silicon and iron, at levels of 200 and 100 ppm, re- 
spectively. All other impurities were at levels below these figures. 

The second source was an unopened quarter -pound bottle of Baker 
and Adamson U 02 (N 0 ,) 2 - 6 H 20 (lot 32). The principal impurities listed 
were alkalies and alkaline -earth sulfates, 0.1 per cent. Other impuri- 
ties determined totaled 0.013 per cent. 

The third source was uranium metal prepared by Westinghouse. No 
data are available on the purity of this particular sample, but judging 
from the analysis of other samples of Westinghouse metal, it seems 
highly unlikely that the impurities could have exceeded 0.5 per cent. 

2.1 Preparation of a Standard Solution of Malllnckrodt Uranyl 
Nitrate Hexahydrate . Approximately 40 g of the nitrate was weighed 
out and dissolved in a liter of water. Clean, but not new, glassware 
was used in these operations. The solution was thoroughly mixed, its 
temperature noted, and 5 ml of the solution was pipetted into a clean, 
weighed platinum evaporating dish. The solution was evaporated to 
dryness under an infrared lamp, and the residue was ignited to UgOg 
at SOO^C . From the weight of the UgOg found, the concentration of ura- 
nium in the solution was calculated to be 20.09 mg of uranium per 
milliliter at 29“C. 

2 .2 Preparation of a Standard Solution of Baker and Adamson 
Uranyl Nitrate Hexahydrate . Approximately 40 g of Baker and Adam- 
son U 0 .^(N 03 ) 2 ‘ 6 H 20 was taken from a previously unopened quarter- 
pound bottle of the salt. This was dissolved in about 1 liter of distilled 
water taken directly from the still tap. In preparing this solution, all 
apparatus used was taken directly from the original packing of the 
manufacturer. The solution was thoroughly mixed and then assayed 
for uranium content as described in Sec. 2.1. 

The concentration measured at 33°C was 19.80 ± 0.2 mg of uranium 
per milliliter. 

2.3 Preparation of a Standard Solution of Uranium from Ura n ium 
Metal . A sample of uranium metal, which had been prepared by 
Westinghouse, was obtained from Dr. H. S. Brown. After the oxide 
coating had been removed by treatment with ION HNOg, the metal was 
washed in alcohol and dried and weighed as quickly as possible. Some 
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oxide had re-formed at the time of weighing, as evidenced by the 
golden appearance of the metal. The weighed metal was dissolved in 
concentrated nitric acid and diluted to volume in a calibrated volu- 
metric flask. The temperature of the solution was noted. The con- 
centration at 32°C was 26.15 mg of uranium per milliliter. 

3. PREPARATION OF SAMPLE PLATES 

Twenty-five millimeter diameter platinum disks were punched out 
of a new, bright platinum sheet. The disks were ignited at red heat 
over a bunsen flame, allowed to cool and a 2-mm-wlde ring of zapon 
was painted around the periphery of each disk. The prepared plates 
were examined for a activity. In no case was the a activity of the 
plates found to be greater than 0.25 count per minute. 

4. MEASUREMENT OF SAMPLES FOR ALPHA COUNTING 

The samples of the standard uranium solution which were trans- 
ferred to the counting plates were measured in capillary pipets 
holding from 5 to 10 microliters. The pipets were calibrated for 
content by weighing mercury delivered from them. Following the 
measurement of the standard uranium solution, the pipets were rinsed 
twice with distilled water. The measurement of liquid volumes of this 
order of magnitude has been shown to involve an error of not more 
than a few tenths of 1 per cent.’ 

In measuring the uranium onto the counting plate the practice was 
to note the temperature of the solution, to fill the capillary pipet and 
deliver its contents onto the plate, and then to rinse the pipet twice 
with distilled water by filling the pipet to the mark and delivering its 
contents onto the plate separately from the initial delivery. Finally, 
2 drops of tetraethylene glycol were added to the plate in such a way 
as to bring about coalescence of all droplets. 

The plate was then placed under a heating lamp, and the water and 
tetraethylene glycol slowly evaporated. During this process the ura- 
nium slowly precipitated as a finely divided solid that settled uni- 
formly over the surface of the disk. In some cases, where evapora- 
tion was caused to take place at too high a temperature, the uranium 
separated as fairly large crystals. When this occurred the sample 
was discarded. The process of evaporation was continued until the 
uranium appeared to be dry. The plate was then ignited to redness 
for a few seconds to remove the zapon and any high -boiling residues 
from the tetraethylene glycol. The weight of uranium present on each 
plate was calculated from the standardization of the uranium solution. 
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the temperature of measurement, and the volume of the capillary 
plpet. The weights of uranium present on each counting plate are 
given in Table 1 . 


Table 1 — Weights of Uranium on Standard Counting Plates 




Original 


Uranium 





uranium 

Temp, of 

concentration 

Vol. of 

Wt. of 

Plate 


concentration, 

sample, 

of sample, 

sample, 

uranium, 

No. 

Uranium source 

mg/ml 

"C 

mg/ml 

mix Itf* 

mg 

2 

Upa(Na,)a-6Ha08 

20.09 at 29'’C 

31 

20.08 

10.21 

0.2050 

3 

UC3^(Na,)a-6HaOfl 

20.09 at 2Q'’C 

31 

20.08 

10.21 

0.2050 

6 

UOa(Na,i-6HjOfi 

20.09 at 29'’C 

29 

20.09 

10.10 

0.2029 

7 

U0j(N0j)j-6Hj06 

20.09 at 29‘’C 

30 

20.09 

10.10 

0.2029 

Bt 





10.10 

None 

9 

UOa(NO,),-6H,Of 

19.80 at 33"C 

32.5 

IQ.BO 

10.10 

0.2000 

10 

U03(N0,)a-6Hj01I 

19.80 at 2VC 

32 

19.80 

10.10 

0.2000 

n 

UO,(Np,),-6Hj01l 

19.80 at 33°C 

29 

19.82 

10.10 

0.2002 

12 

UOj,(NO,)*-6Hj,01l 

19.80 at Zrc 

30 

19.82 

10.10 

0.2002 

13 

Westinghouse metal 

26.15 at 32“C 

31 

26.16 

10.10 

0.2642 

14 

Westinghouse metal 

26.15 at 22^C 

32 

26.15 

10.10 

0.2641 

15 

Westinghouse metal 

26.15 at 32''C 

33 

26.14 

10.10 

0.2640 

I8t 





10.10 

None 

20t 

Westinghouse metal 


26.5 

26.16 

5.08 

0.1328 


t Blank plates made by substituting distilled water for the uranium solution. All other operations 
were carried out in exactly the same way as when uranium was present. 

{Sample 20 was mounted on a highly polished gold plate. 
fiMalllnckrodt. 

V Baker and Adamson. 


5. COUNTING OF URANIUM SAMPLES 

The counting of the a particles from the uranium samples was per- 
formed with four different a counters in regular use in this labora- 
tory. The construction of the ion chambers of these counters is such 
that it should be possible to obtain a geometry very close to 50 per 
cent. The two electrodes of the chamber are 5 cm in diameter and 
are separated by an air gap of 1 cm. The electrical characteristics 
of the amplifier are such that the signal/noise ratio is more than 6/l 
for the smallest pulse height observed on the monitoring oscilloscope. 

The samples were counted over a period of 12 days. Most of the 
counts were of 40 min duration. Checking of each count was done by 
taking readings every 8 min to be sure that no great number of spuri- 
ous counts were recorded. A further check on the spurious count 
level was obtained by taking a liberal number of background counts 
on each counter throughout the period. The backgrounds varied from 
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0.7 count per minute to 1.7 counts per minute (the a -contamination 
level of the four counters), so it can be seen that any spurious counts 
had a negligible effect on the data taken. 


Table 2 — Results of Counting of Uranium Samples 


Sample 

No. 

Counter 

164-1 

Counter 

161-2 

Counter 

163-3 

Counter 

166-4 

ToUl 

no. 

Sample 

av., 

c/m 

Group 

av., 

c/m 

Group 
U wt., 
mg 

Specific 
activity 
lor 50% 
geometry 

C/m 

Min 

C/m 

Min 

C/m 

Min 

c/m 

Min 

counts 

2t 



158.3 

159.0 

40 

40 

159.9 

159.6 

40 

40 

159.1 

161.7 

20 

40 

19,160 

159.7 

159.0 

0.2050 

1,551 

2t 



158.7 

40 

159.7 

155.2 

40 

40 

156.2 

159.5 

40 

40 

31,660 

156.3 

6t 



155.6 

150.0 

40 

40 

156.3 

40 

158.0 

155.3 

56 

40 

33,870 

156.8 

157.2 

0.2029 

1,550 

7t 

190.2 

40 

157.2 

157.9 

40 

40 

155.5 

154.6 

40 

40 

158.2 

150.8 

40 

40 

44,100 

157.5 

9t 

162.1 

48 

155.0 

40 

155.4 

152.2 

40 

40 

153.0 

155.8 

153.2 

16 

40 

40 

40,600 

153.B 

155.3 

1 

! 

__j 

0.2001 

1,552 

j. 

lot 

158.6 

40 

154.0 

40 

155.9 

157.5 

40 

40 

156.0 

153.6 

24 

40 

34,940 

156.0 

lit 

154.8 

40 

154.5 

158.6 

40 

40 

156.2 

155.8 

40 

40 

157.6 

153.6 

40 

40 

43,950 

155.0 

12t 

156.0 

40 

156.1 

154.3 

40 

! 40 

1 

156.8 

154.5 

96 

40 

155.3 

152.4 

40 

40 

52,210 

155.4 

13S 

203.8 

40 

201.9 

190.5 

1 40 

1 40 

203.6 

203.3 

40 

40 

202.5 

203.5 

40 

56,730 

202.6 

j 

202.8 

0.2641 

1,536 

14« 

200.5 

40 

203.3 

202.3 

40 

40 

204.4 

205.8 

40 

40 

202.8 

201.4 

40 

40 

56,810 

202.9 

15B 



206.8 

199.4 

40 

40 

199.2 
201.4 

205.3 

40 

40 

40 

204.8 

204.7 

40 

40 

56,810 

202.9 

201 



102.5 
102.7 

102.6 

80 

48 

60 

103.1 

140 

102.4 

103.1 

80 

80 

52,220 

102.8 

102.8 

0.1326 

1,548 


tMslllnckrodt UO|(NOt)2-6H«0. 
t Baker and Adamson UO|0<IO|)|’6H|O. 
BWestbighouse metal. 

VGold plate. 


The total number of a particles recorded from each sample varied 
from 19,000 to 57,000. The results from the four counters Indicate 
that the geometries of each are the same. Therefore, the value of the 
a -disintegration rate for each sample can be obtained by averaging 
the results from all the counters mid weighting them only according 
to the length of count. Blanks (samples 8 and 18) were also counted. 
There was no evidence of contamination in these samples. , 

The results of the 56 hr of counting are compiled In Table 2. 
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6. ABSORPTION ERRORS 

A rough calculation was made of the loss of a counts due to self- 
absorptlon In the sample. Since the samples were quite thin, losses 
occurred only at such small angles that the particles had to traverse 
more than approximately 10 milligrams per square centimeter of 
U,0^. The assumptions made were that (1) any a particle emerging 
from the sample with a residual range of not less than 2 mm of air is 
counted, all others being considered completely absorbed; (2) the 
range straggling of a particles is negligible, i.e., all a particles have 
the mean range; and (3) that the Bragg and Kleeman law for variation 
of stopping power with atomic weight held, so that in U,Og a particles 
from 0^’” were effectively absorbed in 8,6 mg per square centimeter 
while O' particles required 10.6 mg per square centimeter. Er- 
rors due to deviations from these assumptions are less than the ac- 
curacy desired in this calculation. 

Calculation shows that F, the fraction of a particles lost due to 
self -absorption, Is 


where M is the mass of sample in milligrams, A is the area of sam- 
ple in square centimeters, and S is the range of the a particles in the 
sample, measured in milligrams per square centimeter. 

From this formula it is evident that the self -absorption for even 
the heaviest samples used is less than 0.5 per cent. 

7. SUMMARY AND CONCLUSIONS 

Using material from three different sources we have consistently 
obtained values for the specific activity of uranium which are 2 to 3 
per cent higher than the value reported by Kovarik and Adams. In 
calculating specific -activity values we have assumed the counter 
geometry to be 50 per cent. Calculation of the absorption error, and 
a consideration of counter characteristics would indicate, however, 
that none of the values obtained by us should be lower than the true 
value by more than about 1 per cent. 

Excellent agreement (±0.1 per cent) was obtained in the case of 
uranyl nitrate from two different sources. Uranium from uranium 
metal gave a somewhat (1 per cent) lower value at 30 per cent greater 
sample thickness. When the thickness of sample from this source 
was reduced one-half, a good agreement (±0.2 per cent) was obtained 
for all sources. 



1204 


THE TRANSURANIUM ELEMENTS 


The average value for all sources and all samples counted was found 
to be 1,548 ± 12 a particles per minute per milligram (U®“ + U®“ + 
lP‘). This figure is to be compared with that of 1,501 found by Ko- 
varik and Adams, and that of 1,517 found by R. Schiedt * 

Three explanations of the discrepancy between our values and those 
of Kovarik and Adams can be made: 

1. The values found by Kovarik and Adams are in error. 

2. Our sources were uniformly contaminated with an a emitter of 
high specific activity. 

3. More than 50 per cent of the uranium a particles emitted by our 
samples were counted in the apparatus used by us . 

Since the work reported here, further work in this laboratory^ has 
shown that the counting efficiency in a 21 ! ionization chamber is 
greater than 50 per cent. This effect is due to the back-scattering of 
a particles from the plate upon which the sample is mounted as well 
as from the sample material itself. 

Theoretical analysis by Crawford” shows that the back-scattered 
a particles are emitted at small angles relative to the surface of the 
plate. Thus, it would be expected that Kovarik and Adams, who 
counted only vertically emitted a particles, measured none of the 
back-scattered radiation. Schiedt, on the other hand, used a larger 
solid angle, and hence would have counted some of the back -scattered, 
or particles. 

Assuming the Kovarik and Adams value of 1,501 disintegrations per 
minute per milligram of uranium to be correct, the average effective 
back-scattering observed here was 3.1 per cent (1,548/1,501 = 1.031); 
i.e., the geometry was 51.6 per cent. This value is calculated on the 
assumption that self -absorption was negligible, which was, of course, 
not the case. Not only were some of the upward-emitted a particles 
absorbed, but also a large fraction of the back-scattered ones, since 
back-scattered a particles are degraded in energy and hence more 
subject to absorption. Thus, with thinner samples, the effective back- 
scattering should be larger. And, indeed, this was found to be the 
case by Scott,^ who found that the apparent specific activity of ura- 
nium moimted on platinum increased markedly as the sample thick- 
ness was decreased to about 10 ^g per square centimeter. 

In some recent work by Kienberger,* the specific activity of ura- 
nium measured on nickel plates and extrapolated to zero sample 
thicloiess was found to be 1,521 disintegrations per minute per milli- 
gram of uranium assuming 50 per cent geometry. Using a value of 
1.26 per cent back-scattering derived from Crawford’s* work (i.e., 
50.63 per cent geometry), he found a value of 1,502 disintegrations 
per minute per milligram of uranium, which checks with the result 
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of Kovarlk and Adams. The lower back -scattering value is due to the 
lower atomic number of the sample mount. 

Because of the difficulty of correcting for the absorption of back- 
scattered a particles in the sample material, it is difficult to make 
a precise quantitative estimate of the consistency of our data with the 
other values. However, it is quite evident that there is good qualita- 
tive agreement, since the discrepancy is in the right direction and of 
approximately the correct magnitude. 
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Paper 16.7 

AN EMANATION METHOD FOR RADIUM ANALYSISt 


By P. Fineman, B. B. Welssbourd, H. H. Anderson, J. Sedlet, 
D. P. Ames, and T. P. Kohman 


1. INTRODUCTION 

For many years one of the principal methods for the assay of ra- 
dium has been the emanation technique, in which the radon generated 
by the radium is separated, collected, and measured. There are 
numerous variations of this general method, differing in the ways of 
collecting and measuring the emanation. This technique is especially 
useful for small quantities of radium because of its high sensitivity, 
and for low concentrations because the final measurement is inde- 
pendent of the original bulk of the material containing the radium. 
The greatest sensitivity in the detection of radon is achieved by count- 
ing its a particles, including those of its short-lived descendants. 
The use of a proportional counter for this purpose has been described 
by Brown, Elliott, and Evans,' and the use of an ionization chamber 
and pulse amplifier by Poole‘ and by Curtiss and Davis.’’ 

This paper describes an emanation method for the analysis of ra- 
dium which was developed for use In the uranium ore-processing 
plant. The apparatus and technique are essentially those of Curtiss 
and Davis, with modifications to achieve simplicity of construction, 
utilization of existing standard equipment, and ease of operation. 

2. EMANATION APPARATUS AND TECHNIQUE 

We have been interested principally in radium samples in solution. 
Accordingly, we have used a simple emanation apparatus (Fig. 1) 


tContrtbutlon from the ChemlBbry DItIsIod of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on Metallurgical Laboratory Memorandum MUC-GTS-2320 (May 3, 1946). 
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consisting of a 250-inl boiling flask, A; water-cooled reflux con- 
denser, B; cold trap, C; mercury manometer, D; spray filter, E; and 
connections at M, F, and K for vacuum pump, ionization chamber, and 
argon tank, respectively. An important feature for routine measure- 
ments is the interchangeability of boiling flasks and Ionization cham- 
bers. The ionization chambers are not permanently attached . either 



to the emanation line or to the electrical circuit but can be connected 
to either at will. This provides an economy of apparatus, for only one 
emanation line and one counting circuit are necessary, and neither 
need be held up by a single sample longer than the time of actual use. 
It also provides a flexibility of operation, which is convenient when 
samples cover a wide range of concentrations. 

An emanation flask can be sealed when off the line by means of an 
interchangeable connecting section, U, containing a 6-mm-bore stop- 
cock and standard-taper ground-glass joints fitting the flasks and the 
condensers. The flask, A, and the connecting sections, H, are held 
together by means of rubber bands fitting over the female portion of 
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the stopcock and ears projecting from a metal collar fastened to the 
flask. Each flask is provided with a side arm, J, Into which fits a 
gas-inlet tube, K, also equipped with a stopcock. The manometer is 
made of 1-mm-bore capillary tubing to minimize loss of activity. 
The male joint at f is made by grinding the tube to fit into a standard- 
taper female joint. Apiezon N grease (Metropolitan- Vickers Electri- 
cal Co., Ltd.) is a satisfactory lubricant for stopcocks 3, 4, 5, 6, and 
7 and joints d, e, f, g, and h. Cello-Grease (Fisher Scientific Co.) is 
a good lubricant when high temperatures are involved, as for stop- 
cocks 1 and 2 and joints a, b, and c. 

The emanation technique is as follows; The radium- containing 
sample, in 75 to 125 ml of solution, is placed in a flask and attached 
to the line. The cooling bath, a mixture of dry ice and n-butyl alcohol 
in a Dewar flask, is placed around the cold trap. The gas-inlet tube 
is attached to the argon tank with a rubber tube. The system is then 
opened to the vacuum pump via stopcocks 3 and 5 with stopcocks 1,2, 
4, and 6 closed. After the system has been evacuated, stopcocks 1 
and 2 are opened simultaneously, and a slow stream of argon is al- 
lowed to enter through stopcock 1 until the mercury column is de- 
pressed to 20 to 30 cm. This regulation is achieved readily by inte- 
grating the manipulation of stopcocks 1 and 5. The solution is boiled 
gently for 20 min with a small gas burner. At the end of this time the 
flame is removed, stopcocks 3 and 5 are closed, and the time at which 
boiling is discontinued is noted. The argon is allowed to continue to 
flow until atmospheric pressure is reached. Stopcocks 1 and 2 are 
closed, and an ice bath is raised around flask A to effect rapid cool- 
ing of the solution to room temperature. The system is again brought 
to atmospheric pressure by opening stopcock 2 and allowing argon to 
flow through stopcock 1 until this condition is attained. The cooling 
and the pressure adjustment are accomplished in less than 5 min. 
Stopcocks 1 and 2 are closed, and the flask is removed from the line. 
This process flushes the solution and flask of air and radon. It is 
necessary to adjust the pressure to near atmospheric with the flask 
at room temperature, otherwise, the pressure differential may cause 
air to leak in or radon to leak out during the storage period. The 
flask is stored on a suitable rack until sufficient radon for measure- 
ment has accumulated, usually overnight or longer. 

In order to measure the radon the aged flask is again attached to 
the line, and an ionization chamber, G, is attached to outlet F by a 
short rubber tube, as shown. The chamber and line down to stop- 
cock 2 are pumped out, filled with argon through stopcock 4, and 
pumped out again. This flushing process is carried out several times. 
Stopcocks 3, 4, and 5 are closed when the system is left evacuated as 
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a result of the final flushing. Stopcock 2 is opened, and the emanation 
is driven off into the chamber with a slow stream of argon through 
stopcock 1 , the flow rate being adjusted to bring the pressure to at- 
mospheric in 20 min and the solution gently boiled with a small burner 
as before. The time at which boiling is discontinued is noted. The 
flask may now be stored for another radon- accumulation period. The 
chamber is removed for counting by the method described in a later 
section. 

From time to time it is necessary to remove the water that has 
accumulated in the cold trap. This is done with a long, thin- stemmed 
pipet after removing the ground-glass stopper L. 

After the chamber has been counted, it is evacuated and filled sev- 
eral times with argon and allowed to remain evacuated overnight so 
that the active deposit may decay completely. Before reusing the 
chamber, it is flushed several times with argon and its background 
measured. For this flushing process the line is not used; instead, 
only the chamber is evacuated and filled with argon directly from 
the tank. 

Argon is used as the ionization- chamber gas because of its desir- 
able characteristics for a; -particle counting. It is a free-electron 
gas, yielding sharp, fast pulses at low collecting potentials. Argon 
gives a relatively large number of ions per unit of energy expended. 
Its relatively high atomic weight results in short of tracks, which 
reduce the probability of striking a wall before producing sufficient 
ionization to count. It is readily available in a sufficiently pure state, 
99.6 per cent commercial tank argon being highly satisfactory. Suffi- 
ciently pure tank nitrogen would be almost as good for this purpose. 

For health reasons, i.e., to prevent air contamination by radon, it 
is advisable to place the vacuum pump in a hood. 

The line is checked periodically for contamination by using a flask 
containing pure water and following the procedure as described above 
for radium samples. 

The spray filter, containing glass wool, was found to be necessary 
when samples containing extreme amounts of a activity were tested 
for radium. For small amounts of radium it may be omitted from the 
line, but its use is desirable as a precautionary measure. 

3. IONIZATION CHAMBERS 

The ionization- chamber design developed after experimentation 
with several types is illustrated in Fig. 2; it represents a consider- 
able simplification over that of Curtiss and Davis. By applying the 
high potential to the center electrode and grounding the outer cyl- 
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inder, the need for an additional shielding cylinder Is eliminated. By 
supporting the collecting electrode In the middle of the large Insu- 
lating plate (luclte) that forms the top of the chamber, it becomes 
unnecessary to use a guard ring, and consequently there is no dead 
space in the chamber. A further disadvantage of a guard ring is that 



Fig. 2 — Ionization chamber. 


It collects electrons produced in the top of the chamber and thus 
reduces the size of some of the pulses. 

The chamber fits into the breech- locking receptacle of the Metal- 
lurgical Laboratory Instrument Section standard a counter* by means 
of the breech thread on the cap. The banana plug on the end of the 
adjustable extension makes contact with the high-voltage and ampli- 
fier circuit as e:qilalned below. The valve is a commercial steam 
cock. No. 1037 bronze-spring key type with double female Vi~ln. I.P. 
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ends and lever handle, obtained from the Lunkenheimer Co,, In which 
the tightness is maintained by means of a spring. Aplezon N Is a 
satisfactory stopcock lubricant. Neoprene gaskets are used for the 
gastlght seals, and fiber washers are used to protect the outside of 
the Incite Insulator from direct contact with metallic surfaces. Four 
bolts, evenly spaced around the top, hold the chamber together with 
sufficient pressure on the gaskets. 

The body of the chamber Is made of brass, silver -soldered to- 
gether. Backgrounds, after careful cleaning, are 4 to 10 counts per 
minute. Painting the Inside surface with several coats of silver paint, 
obtained from the Electrochemicals Dept, of E. I. du Pont de Nemours 
& Co., reduces the backgrounds to approximately 2 counts per minute. 
Reducing the background is important because the lower limit of 
detection of radon varies with the square of the background. 

4. CIRCUIT 

The circuit used to count the radon a disintegrations Is shown In 
Fig. 3. It is composed of standard Metallurgical Project units modi- 
fied for this application. 

' The chief modifications are in the amplifier, which Is basically that 
used in the standard parallel-plate air chamber for counting flat a 
samples.^ The collecting plate has been replaced by a Incite disk, 
supporting in its center a banana-plug receptacle for the chamber 
contact. This contact is connected to the filtered high-voltage supply 
through a resistance of 10^^ ohms and to the Input grid of the first 
amplifier tube by a SO-p/if capacitor (Centralab ceramic capacitor 
No. 850, 5,000 d-c working volts). A ceramic condenser of high leak- 
age resistance is used for this purpose because it must stand the 
high chamber voltage without introducing spurious pulses or other 
disturbances. The first three stages of the amplifier, consisting of 
resistance -capacitance coupled 6AK5 tubes, are mounted in the stand- 
ard cylindrical casing, which is of the same diameter as the cham- 
bers, and which fits the chambers by the breech mechanism on the 
bottom. The chamber -amplifier assembly is supported from above 
by rubber tubes to protect it from vibrations. The frequency of maxi- 
mum response has been raised from that used with air-filled counters 
by reducing the plate load resistors and coupling capacitances. The 
response has a maximum at about 25,000 cycles/sec and falls to one- 
half at about 50,000 cycles/ sec. 

The scale-of-64, power supply, and high -potential supply are con- 
talned in a standard Hlginbotham Scaler unit.* Because of the wide 
pulse -size distribution from the emanation counter, a highly stable 
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Circuit. 
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trigger-pair type pulse selector is used; this is shown in the diagram 
(Fig. 3). It is sensitive to negative pulses of approximately 0.4 volt 
in amplitude, and the sensitivity can be varied by the 500K potentiom- 
eter in the trigger -pair grid circuit. Stability of gain of the amplifier 
is achieved by operating the entire circuit from a Sola Transformer 
a-c voltage stabilizer. 

5. OPERATING CHARACTERISTICS 

Tests of the variation of counting rate as a function of the gain- 
control setting, with radon and argon in the chamber and with -t-1,400 
volts on the center electrode, were made for center electrodes of 
*/«-,'/!!-, and 1-in. diameters. The flattest “plateau” was obtained 
with the Vi -in. size; apparently the smaller sizes result in electrical 
fields in the outer parts of the chamber that are too weak, and the 
larger size intercepts too large a fraction of the a-particle tracks. 
The Vi -in. size was adopted as standard. Even in this case there is 
no true plateau where the counting rate is insensitive to gain- setting, 
since there is a continuous distribution of pulse sizes from the maxi- 
mum down to the very smallest, coming from ar particles which strike 
the walls before expending an appreciable fraction of their full en- 
ergy in ionization. This necessitates the gain stability previously 
mentioned. 

With a ’/2 - in. electrode and a gain setting near the center of the 
plateau of the gain curve, the variation of the counting rate as a func- 
tion of voltage was studied with a normal chamber filling and with 
various amounts of air intentionally admitted in addition. With argon 
alone saturation is achieved at 500 volts, but with air present higher 
voltages are required. At 1,400 volts, the limit of the voltage supply 
normally used with the counter, saturation was obtained with amounts 
of air up to 5 cm Hg in the chamber. These tests were made with an 
auxiliary voltage unit supplying up to 2,500 volts. A voltage higher 
than 1,400 volts was not used because of an apparent tendency of the 
coupling condenser to leak and increase the noise level at 2,500 volts. 
Fourteen hundred volts is sufficiently high to nullify the effects of 
small amounts of air or water vapor that may accidentally get into 
the chambers. It should be noted that although argon, a free-electron 
gas, is used in the chamber, advantage is not taken of its high-speed 
counting properties by employing a very-high-frequency amplifier; 
this would require that oxygen and water vapor be removed to very 
low levels. By using a free-electron gas with a low-frequency ampli- 
fier, it is possible to tolerate small amounts of electron- attaching 
gases and vapors, thus making elaborate precautions and high-vacuum 
technique unnecessary. 
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Because of the slope of the gain curve a check on counter perform- 
ance Is desirable. For this purpose a small parallel-plate air cham- 
ber containing a deposit of a long-lived a -emitting substance is used. 
This chamber is mounted on a breech mechanism designed to fit in 
the receptacle of the amplifier unit, and has a contact similar to that 
of the emanation chambers. Because the geometry of this chamber 
permits only short a tracks and because the amplifier frequency is 
higher than the optimum value for air- ionization pulses, this unit 
gives many small pulses; consequently its gain curve has a roughly 
tenfold greater slope than the emanation-chamber curve. If the gain 
is adjusted so that the test chamber gives a counting rate within 1 per 
cent of its adopted standard value, the emanation- chamber counting 
rate should be within 0.1 per cent of its correct value. 

In general, the test-chamber counting rate remains essentially 
constant over long periods of time so that no change of the gain set- 
ting is necessary. This indicates that errors due to gain instability 
are probably negligible. 

Deviations from linearity at high counting rates, owing to coinci- 
dence losses, were determined by the method of radioactive decay. A 
chamber is filled with a sample of radon sufficient to give an initial 
counting rate of about 40,000 counts per minute, and counts are made 
over a period of several half lives. From the later counts, for which 
the coincidence losses are small, a provisional value of the initial 
‘‘corrected” transient equilibrium activity is determined, and pro- 
visional values of the corrected activity at the time of each count are 
calculated. This is feasible in the present case because the half life 
of radon (3.824 ± 0.002 days) is known with great accuracy De- 
noting the provisional corrected rate of sample plus background at a 
given time by N' and the recorded rate by R, the provisional frac- 
tional correction, f' = (N' - R)/R, is calculated for each observation 
and plotted (Fig. 4). A smooth curve (the broken line in Fig. 4) is 
drawn through the points. If the provisional initial corrected activity 
(Ng) is chosen correctly, the fractional-correction curve may be 
extrapolated back to zero loss at R « 0. In general, however, this will 
not be the case, and the extrapolated value (fg) will not equal zero. In 
the example shown, fg = -2.0 per cent, indicating that the actual ini- 
tial corrected activity (Ng) is 2.0 per cent lower than the provisional 
value (Ng). It is now possible to recalculate the results, plotting 
f = (N - R)/R instead of f ', and obtain a curve that can be extrapolated 
to zero. The same result can be achieved more easily, however, by 
calculating the value of f corresponding to a few selected points on 
the provisional curve from the relation 
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The curve joining the calculated points (the solid line in Fig. 4) rep- 
resents the actual fractional- correction curve. 



Fig. 4 — Nonlinearity correction determination. 


The fractional-correction curve obtained (Fig. 4) has an initial 
slope of 0.5 per cent per 1 ,000 counts per minute, corresponding to a 
resolving time of 300 psec. Above several thousand counts per min- 
ute the correction becomes greater than is given by this linear rela- 
tion, and at around 40,000 counts per minute the losses become quite 
large as the limiting speed of the recorder is approached. Two other 
coincidence correction measurements gave essentially the same cor- 
rection curves as the one shown. 
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All radon measurements are corrected for coincidence loss, before 
subtraction of the background, by the use of this curve and the relation 


N = R + Rf 
6. CALCULATIONS 

If a quantity, M, of radium In solution Is freed of radon, sealed for 
a time, t, and then rapidly de-emanated into a chamber, the initial 
disintegration rate of the radon, Eo, will be 

Eo = MZG(t) 

where Z = specific activity of radium (approximately 2.17 x 10'^ dis- 
integrations per minute), G(t) = 1 - e'*‘ (growth factor) and e = decay 
constant of radon®*® (2.098 x 10"® sec"*). The a activity in the cham- 
ber, initially due to radon alone, rapidly Increases as the short-lived 
descendants grow In, passes through a broad maximum in several 
hours, and then slowly decays with the half life of radon. The counting 
rate varies similarly, but it is not directly proportional to the a 
disintegration rate for the reason that the counting yield Is not the 
same for rare-gas atoms (Rn = Em®^®) and for atoms of solid ele- 
ments (RaA = Po**", RaC = Bi®*®, RaC' = Po**®). For Rn a particles 
the counting yield (Yg) should be nearly 1, since virtually all produce 
ion tracks of sufficient length to produce counts. In the electrostatic 
field of the chamber the active deposit atoms are probably all col- 
lected on the chamber walls, and If the potential has been applied 
steadily for several hours, the counting yield for the solid elements 
(Ys) should be approximately For accurate measurements It is 
necessary to maintain a potential across the electrodes continuously 
for several hours previous to counting; otherwise Ys may have some 
indefinite value greater than ^ 2 . 

The counting rate, N(0) at time B after filling the chamber is given 
by 


N(fl) = YeE + Ys(A + C) = Eo [YeC-®® + YsF(fl)] 

where 

FW -rb - o-") * ( (^ .)(b-“)(c-.) 

g-afl e-b» g-ce ^ 

^ (e - a)(b - a)(c - a) * (e - b)(a - b)(c - b) ^ (e - c)(a - c)(b - c)j 
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and E = disintegration rate of Rn at time d 

A = disintegration rate of RaA at time 9 

C s disintegration rate of RaC at time 9 

a s disintegration constant RaA = 3.79 x 10~’ sec~* (reference 9) 

b = disintegration constant RaB = 4.31 x 10~* sec~^ (reference 10) 

c = disintegration constant RaC = 5.86 x 10"* sec~* (reference 11) 

Under conditions of transient equilibrium this reduces to 

N(fl) = Ye E + Ys(A + C) 

where N(d) Is the counting rate under conditions of transient equilib- 
rium (9 > 5 hr), A Is the disintegration rate of RaA under conditions 
of transient equilibrium, and C is the disintegration rate of RaC under 
conditions of transient equilibrium. 

But 


A = — = 1.00055 E 
a - e 


and 


C = 


abc 

(a - e)(b - e)(c - e) 


E = 1,00902 E 


Therefore 


N(9) = e[Ye + YsF(-)] 


where 


F(«) 


a abc 

a - c ^ (a - e)(b - e)(c - e) 


2.00957 


Although transient equilibrium is not reached until several hours 
after filling the chamber, fJ(fl) has a value, mathematically defined, 
for all values of 9. We define a function 


D(fl) = 


N(9) 

N(0) 


calling this the "decay factor" because after transient equilibrium Is 
established, 


D(9) = e-*® (0>5 hr) 
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The amount of radium can be related to the counting rate In terms of 
D(0) as follows; 


N(0) = e;,[Ye-Ys F(-)] 

= MZ[Ye + Ys F(-)]G(t) 

N(0) = N(0) D(fl) 

= MZ[Ye- Y s F(-)]G(t) D(e) 
K N(fl) 

“ G(t) D(ff) 


where K, the "chamber constant," Is given by the expression 


•^"zfYE + Ys F(-)] 

Since Ye and Ys cannot be known exactly, and since there Is some 
uncertainty in the value of Z, K must be determined experimentally 
by using known amounts of radium. This can be done by counting 
after transient equilibrium prevails; l.e., when D(0) has the known 
form e'®* , or by determining D(0) for previous instances. D(0) can be 
calculated if the ratio Ys/Ye is known, as follows: 


D(0) = 


N(e) 

mo) 


_Eo[YEe*'‘’ + Ys F(0) 
e;[Ye + Ys F(-)] 

e-®9 +1^ F(0) 

1 +|^F(«) 

*E 


In Fig. 5, D(ff) is plotted as a function of 6 for several values of 
Ys/Ye. This ratio is expected a priori to have a value near 0.5. The 
ratio can be determined experimentally from the shape of the activity 
curve following the introduction of radon into a counter. Figure 6 is a 
graph on a semilogarlthmic scale of such an experimental curve. The 
actual situation differs from the hypothetical one considered, in that 
the radon is not introduced into the chamber instantaneously but over 
a finite time. However, for all practical purposes the transfer may 
be considered instantaneous; consequently, after the RaA has essen- 
tially reached equilibrium, the curve will follow closely a theoretical 
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Fig. B — Radon activity growth and decay. 
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Fig. 7. — Radium analysis; emanation and computation data sheet. 
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one. The theoretical curve that best fits the measurements of Fig. 6, 
that for Ys/Ye = 0.6 and 8 = 0 taken at a time 3 min alter the begin- 
ning of the de -emanation period. Is shown In the figure. This curve Is 
then used to obtain D(0) for the various measurements, the value of 6 
being the Interval from 3 min after the beginning of the de-emanatlon 
to the mld-polnt of the counting period. It may be seen from Fig. 5 
that the shape of the curve is relatively insensitive to the value of 
Ys/Yg after 3 hr; thus no appreciable error Is introduced by an un- 
certainty in the ratio. Furthermore, the curve has a broad maxim um 
between the third and fifth hours after filling; therefore the count 
may be made within this interval and small uncertainties in the times 
will be unimportant. 

For routine use of this method, particularly by a technician, two 
data sheets have been found useful. One, designated ‘‘Radium Assay — 
Emanation and Computation Data Sheet,” contains spaces for entering 
all the e}q>erlmental data (except details of counting) and for com- 
puting the results. The other, ‘‘Emanation Counter Data Sheet,” is 
similar to data sheets used with other types of counters and has pro- 
visions for entering the original counting data and for computing the 
counting rates. Examples of each of these sheets are included in this 
paper (Figs. 7 and 8). 

7. STANDARIZATION AND ACCURACY 

The value of the chamber constant, K, was determined by the use 
of radium standards from the U. S. Bureau of Standards. These con- 
sist of sealed glass capsules containing several milliliters of aqueous 
solution in which is a specified quantity of radium, certified accurate 
to 0.1 per cent. The standardization of these solutions is based on 
y radiation comparisons, which refer back ultimately to actually 
weighed samples of highly purified radium. 

Numerous experiments were carried out to test the effects of sev- 
eral variables which were suspected of giving erroneous results. 

It was observed that results obtained when strong nitric acid was 
used in the radium-containing solution were frequently more diver- 
gent than those of other solutions. Consequently, the effects of vari- 
ous acids were tested. The results showed that nitric and hydrochlo- 
ric acids both give trouble in the form of low results when present in 
concentrations of 5N or greater, whereas sulfuric acid is tolerable in 
all concentrations (unless, of course, there is sufficient barium pres- 
ent to cause precipitation of the radium). The effect is probably due 
to the distillation of vapors that are not held in the cold trap and that 
have the same effect in the chambers as oxygen. The vapors respon- 
sible may be the respective acids themselves, or, in the case of nitric 
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Fig. 8 — Emanation- counting data sheet 
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acid, oxides of nitrogen resulting from its decomposition. Therefore 
the concentrations of the Interfering acids were kept far below the 
indicated tolerable limits in all subsequent measurements. 

As a result of numerous measurements, the value of the chamber 
constant for our apparatus was found to be 

K = 2,44 X gram minute per count 

This means that a counting rate of 1 per minute, after application of 
the growth and decay factors, corresponds to 2.44 x 10~'’ g of radium 
In the sample. No consistent variation of K from chamber to chamber 
could be detected, and since the chambers are Identical It is assumed 
that the same value of K can be used for all the chambers. 

The variations of different measurements made on the same sam- 
ples corresponded to a probable error of about 2 per cent in the se- 
ries of runs described. The causes of variations were not studied 
sufficiently to reduce them to a lower level. Consequently, the above 
value for K cannot be considered to be accurate, and It should be 
redetermined for any measurements In which accuracy Is desired. 

Curtiss and Davis report an observational limit of 10~^ curie of 
radon for their apparatus. The sensitivity and background reported 
by them is similar to that of our apparatus. This limit corresponds 
to a counting rate of about 0.04 per minute or about 1 to 2 per cent 
of the background, an extremely difficult quantity to detect with cer- 
tainty. We consider the useful lower limit for our apparatus in its 
present state of development to be about 10~^‘g of radium, which 
gives a counting rate of the same order of magnitude as the back- 
ground after a growth period of several days. 

B. PREPARATION OF SAMPLES FOR RADIUM ASSAY 

For radium assay by the emanation technique, the radium must be 
completely and quantitatively dissolved. It is desirable that all the 
radium of a sample be obtained in a single solution. The volume of 
solution to be emanated must be not over 125 ml, and it must not 
contain nitric or hydrochloric acid in concentration greater than 2N 
when diluted to this volume. If possible, the sample size should be 
such as to yield, after a convenient growth period, a counting rate 
between 1,000 and 10,000 per minute, preferably in the range of 3,000 
to 5,000 counts per minute. A sample containing 10~^ g Ra will give 
roughly 5,000 counts per minute after an overnight growth period. 
The approximate counting rate can be adjusted by varying the size of 
the aliquot and the time of growth. 
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Procedures for various types of materials follow. 

8.1 Radium Standards . U. S. Bureau of Standards radium-solution 
capsules are opened by filing and breaking the constricted end. The 
contents are then made up to a known volume in a volumetric flask. 
Suitable aliquots are taken for measurements and diluted to approxi- 
mately 100 ml with IN HCl. 

8.2 Process Solutions . These present no difficulty since a meas- 
ured volume of a solution can be introduced directly into an emanation 
flask and diluted, if necessary, to about 100 ml. Certain process 
filtrates contain lead sulfate, which slowly precipitates on cooling and 
standing. On heating, the precipitates redissolve, so that these sam- 
ples can be analyzed without additional treatment. 

8.3 Pitchblende Ores . A 0.1 -g sample is weighed into a 50-ml 
platinum dish and treated with 15 ml of 2N HNO, on a hot plate. When 
the reaction subsides, 10 to 20 ml of concentrated nitric acid is added, 
and heating is continued for V 2 hr. Ten milliliters of 40 per cent HF 
and 0.5 ml of 70 per cent HCIO^ are added, and heating is continued 
until perchloric acid fumes are given off. Additional hydrofluoric 
acid and nitric acid are added and the dish is again heated until per- 
chloric acid fumes appear. This is repeated once or twice more. 
Twenty-five milliliters of 6N HNO, is added; the solution is heated 
until clear and is transferred to an emanation flask, using 75 to 100 
ml of water to wash the sample quantitatively into the flask. 

8.4 Gangue-Lead Sulfate Cakes . The material is dried and ground 
for analysis. A 0.1- to 0.2-g sample is weighed into a No. 00 porce- 
lain crucible and intimately mixed with ten times its weight of zinc 
dust. The crucible is covered and heated in a Meker flame for 1 hr. 
After cooling, the crucible and cover are placed in a 250-ml beaker 
and covered with 2N HNO,. When the reaction subsides, the beaker is 
heated on a hot plate until the zinc is completely dissolved. The cru- 
cible and cover are then removed and washed with water, and the 
solution is evaporated to about 50 ml and filtered quantitatively. The 
filter paper with the Insoluble residue is transferred to a platinum 
crucible, and the paper is burned off. The residue is evaporated to 
dryness twice with 10 ml of hydrofluoric acid. Concentrated nitric 
acid is added to dissolve the material remaining, and the solution is 
added to the filtrate obtained previously. The solution is then evapo- 
rated to a convenient volume for analysis. 

8.5 Barium Sulfate Cakes . The material is dried and ground for 
analysis. A 0.3- to 0.4-g sample is weighed into a No. 00 porcelain 
crucible and treated in the manner described for gangue-lead sulfate 
samples. After treating the filter-paper residue with hydrofluoric 
acid, some undissolved barium sulfate remains. This is transferred 
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to a porcelain crucible with water and a rubber policeman, evaporated 
to dryness, and treated with zinc as before. The sinter dissolves 
completely in nitric acid. The two solutions are then combined and 
evaporated to a convenient volume for analysis. 

9. SUMMARY 

Apparatus and procedure for assay of radium in solution by an 
emanation method have been described. The radon produced by the 
radium in a measured time was transferred with a stream of argon 
into an a -ionization counting chamber similar to that of Curtiss and 
Davis but modified to achieve simplicity of construction, utilization 
of existing standard equipment, and ease of operation. Interchangea- 
bility of emanating flasks and ionization chambers provided economy 
of time and apparatus and flexibility of operation. The use of a free- 
electron gas with a relatively low-frequency amplifier makes small 
amounts of electron- attaching gases and vapors in the chamber tol- 
erable. Methods for calibration of the apparatus, determination of 
operating characteristics and corrections, and interpretation of re- 
sults have been described. Chemical procedures for obtaining solu- 
tions suitable for de-emanation from several types of radium-con- 
taining materials were also described 
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A 4B-CHANNEL PULSE-HEIGHT ANALYZER 
FOR ALPHA -ENERGY MEASUREMENTS t 

By A. Ghlorso, A. H. Jaffey, H, P. Robinson, and B. B. Weissbourd 


1. INTRODUCTION 

In the program of investigation of new artificial heavy nuclides! 
carried on at the Metallurgical (now Argonne National) Laboratory it 
was found almost essential to be able to identify and trace specific 
a emitters in the presence of other a emitters. Because many of 
the nuclides at the upper end of the periodic table are a emitters, 
the bombardment of a particular starting material (generally an a 
emitter) with neutrons, deuterons, or helium ions usually resulted in 
the formation of new nuclides which were also a emitters. The prod- 
ucts formed were often present in very low concentrations (with a 
activities much lower than that of the starting material), and the 
chemical properties of the element to be separated were often poorly 
understood. In either case a good analytical tool was necessary to 
make possible the tracing of a particular nuclide through a long se- 
ries of chemical separations. In addition there were a number of 
cases where the nuclides formed were not chemically separable, 
being isotopic mixtures (e.g., a mixture of Pu”*, Pu”*, and Pu“*), 
so that chemical identification was impossible. The Instrument de- 
scribed here was developed for use in such tracing, and it has also 
proved useful in following the chemical separation and purification of 
the natural a emitters. It has been used for the determination of the 
a energies of many of the new Isotopes. Although the accuracy of 
this Instrument is less than that of other Instruments, the fact that it 


tContrlbutlon from the Chemistry Division of the Metaliur^cal Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

iNucllde has been defined* as “a species of atom characterised by the constitution 
of its nucleus, in particular by the numbers of protons and neutrons in Its nucleus." 
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can be used at 50 per cent geometry has often made energy measure- 
ments feasible where little activity was available or could be used. 

The a -particle energy of an a -emitting nuclide is almost specific 
to that nuclide. In fact, if it were possible to make convenient a- 
energy measurements with vcty high resolution and accuracy, it 
would probably be possible to make unambiguous determinations of 
the identity and quantity of any known a emitter present in sufficient 
concentration. There are some cases, however, of two or more nu- 
clides that emit a particles of nearly equal energies, t and the limited 
resolving power and accuracy of the instruments available makes 
identification very difficult, if not impossible. This ambiguity can 
often be removed by other methods such as chemical separation or 
the use of a mass spectrograph or, in some cases, by fission meas- 
urements, either spontaneous or neutron induced. 

2. METHODS OF ALPHA-ENERGY MEASUREMENT 

In using the measurement of a energy as an analytical tool for 
chemical experiments, a prime consideration is simplicity in the 
sample preparation, in the operation of the instrument, and in the 
Interpretation of the results. This factor made the use of the mag- 
netic a -energy analyzer! undesirable because of the necessity of 
using carefully prepared line sources, because of the bulky and elab- 
orate equipment required, and because of the low geometry involved 
(less than 10~^). Good geometry, preferably 50 per cent, was highly 
desirable because of the low total amounts of a activity available in 
some measurements, or because of low specific activities in the 
sample. It was also desirable that the resolving power and accuracy 
of energy measurement be as good as was consistent with the re- 
quirements of relative simplicity and high geometry. 

The measurement of ranges was tried, using uniform foil (mica) 
absorbers with surface densities from 1 to 6 mg/ sq cm at 50 per cent 
geometry (parallel -plate ionization chamber).^ The .method is de- 
scribed elsewhere.’ Although the mica -absorber method has high 
geometry, it has relatively poor resolving power, and it was decided 
to use other methods Instead. Other methods of range measurement 
were considered undesirable since the best high-geometry method’ 
has poor resolution, whereas the methods having good resolution have 
quite low geometry.’’*’’ It was decided that the best results could be 


tExamples of such pairs are U"’ and Po*‘®, U”* and Np"’, and Pu”’ and Am*** (see 
Table 4). 

tSuch as those used by Rosenblum, Rutherford, Brlsgs, Chang, and others. See 
Jafley* for references. 
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obtained from the measurement of the total Ionization due to an a 
particle in a suitable ionization chamber. This method has at least 
one advantage in that the ionization charge collected is very closely 
proportional to the a -particle energy, at leastt within the energy 
region covered by the natural a emitters (4 to 10 mev). 

The method Involves (1) an ionization chamber in which the a par- 
ticle eiqwnds all its energy and in which the charge is rapidly col- 
lected, generating across the chamber capacity a voltage pulse of the 
order of a millivolt, the magnitude of which is at least approximately 
proportional to the particle energy, (2) a linear pulse amplifier which 
amplifies this pulse up to a voltage suitable for detection, and (3) a 
device, electronic or otherwise, for determining the relative number 
of pulses of various sizes. Plotting relative number vs. pulse size 
essentially gives a graph of relative number vs. a energy, assuming 
a correct calibration of the pulse height -energy relation. 

This method has been extensively used,*'^^ for measuring the en- 
ergies of a particles, protons, and fission fragments. 

3. TOTAL -IONIZATION METHOD FOR ALPHA-ENERGY MEASUREMENT 

3.1 Chambers . Two types of chambers have been in most general 
use. Air has been used as a chamber gas, usually with parallel -plate 
electrodes, or free-electron gases t (such as Hj, Nj, rare gases) have 
been used either with parallel electrodes or with electrodes with cy- 
lindrical symmetry (thin rod ascollectrode). More recently chambers 
with grids have been used with free-electron gases. 

The optimum amplifier design for a particular type of chamber 
Involves a reconciliation between the following requirements: (1) 
preservation of pulse height and (2) ability to use high counting rates. 

as is often the case, the charge collection time varies from one 
a particle to another because of the angular distribution of the a - 
particle paths, the pulse size may also vary if the amplifier is incor- 
rectly designed. 

3.2 Amplifiers . In all practical circuits the charge collected in 
the ionization chamber is passed on to the sensitive element of the 
detector, usually the grid of the first amplifier tube. The capacity of 
the chamber and tube and the grid input resistance form a parallel 
RC system which determines the shape of the pulse passing into the 
amplifier. The electric charge collected in the chamber charges up 


t There 1b fairly good evidence that this holds even below 4 mev.* 
tSee Sec. 4.2. 
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the capacity relatively rapidly, and then it discharges slowly through 
the resistance. The characteristic pulse shape (voltage vs. time) 
passing out of most pulse ionization chambers consists, therefore, of 
a rapidly rising part followed by a slow exponential decay, with the 
pulse height (for sufficiently large input resistance) proportional to 
the charge collected. One method of preserving the relative pulse 
sizes arising from various a particles. Independently of collection 
time, is to reproduce carefully the original pulse shapes in the re- 
cording apparatus. In the first use of this method very sensitive 
electrometers*®’*® with very high input resistance were utilized. For 
this purpose, however, such electrometers have been largely dis- 
placed by d-c amplifiers using electrometer tubes (see references 6, 
7, 8, 12, 13, and 15). Recently there has been developed*^ a highly 
sensitive dynamic condenser electrometert with great stability, which 
stability has made it a useful substitute for electrometer -tube cir- 
cuits. It has been utilized for at -energy measurements by Jesse.** 

Because of the very slow decay caused by the large input RC value 
(more than 1 sec) of such electrometer circuits, the useful counting 
rates must be low (less than 1 per sec). If the counting rate is too 
high, excessive superposition of pulses results. 

For energy measurement the relation of the frequency response to 
the collection time is subject to more stringent requirements than 
is the case when only counting of particles is to be done. It can be 
shown** that for circuits whose frequency response is determined 
only by RC elements, the pulse height is essentially preserved if the 
decay time is at least 100 times the collection time. Because of its 
very long input -time constant, the electrometer circuit (either d-c or 
vibrating condenser) may be used with chambers having relatively 
long (more than 1 millisecond) collection times. It may thus be used 
with air -filled chambers (where charge mobility is relatively low) 
with electric fields no larger than are necessary to prevent recombi- 
nation of positive and negative ions (i.e., the saturation field). Of 
course free -electron gases may also be used, since faster collection 
times do not affect the preservation of pulse heights. 

To use higher counting rates than are possible with electrometer 
circuits, it is necessary to reduce the decay time by raising the low- 
frequency cutoff of the amplifier. To preserve the relative pulse 
heights, the collection times must then’ be decreased. This can be 
achieved by the use of higher electric fields in air -filled chambers 


tA very-hlgh-resistance vibrating condenser changes a small d-c voltage signal to 
an a-c voltage, which Is amplified through a tuned, high -gain, feed-back -stabilized a-c 
amplifier and recorded on a pen-writing recorder, such as the Brown recorder. 
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or through the use of free -electron gases. Corresponding to the in- 
crease in the low-frequency cutoff, the high-frequency cutoff is also 
increased in order to preserve the rise time of the pulse. 

Amplifiers in the audio-frequency range with chambers containing 
either air or free -electron gases have been utilized in a number of 
applications of the total -ionization method, although with air the elec- 
tric fields must be high (to decrease collection time) and the low- 
frequency cutoff must be moderately low. In general, chamber fillings 
of free-electron gases are the most useful, even with slow amplifiers, 
since the field strengths required, either for saturation or for short 
collection times, are considerably smaller than for air. 

In addition to allowing higher counting rates, the faster decay time 
allows greater tolerance for the presence of p and y rays. With an 
electrometer circuit, the superposition of the small pulses caused by 
P particles may seriously Interfere by increasing the "background 
noise” and therefore the "line width” of the pulse distribution. With 
faster -decaying pulses, the superposition is less likely, so that a 
given amount of p activity affects the noise level much less. 

In recent years full advantage has been taken of the fast collection 
possible in free-electron gases by using amplifiers with quite high 
frequency response (approximately 1 -megacycle band width) and 
correspondingly higher low-frequency cutoff. These systems can use 
much higher counting rates and can tolerate much greater back- 
grounds of p and y rays. 

3.3 Pulse -height Recording and Measurement . In the detection 
process the pulses are sorted on the basis of magnitude and recorded 
in some suitable fashion. The most widely used methods have in- 
volved one of two procedures: (1) recording (on film or paper) a 
pulse voltage -vs. -time trace whose vertical displacement is propor- 
tional to the pulse height, and subsequently measuring the trace size 
tthe pulse -height sorting is usually done manually) or (2) sorting the 
pulse sizes electronically and recording them with registers, with or 
without scalers. 

Trace recording has generally been carried out by photographing 
the movement of a fast string galvanometer, the mirror of a loop 
oscillograph, or the trace of a cathode -ray oscillograph, with photo- 
graphic film running past the instrument. This method has been ex- 
tensively used in the Austrian, German, and Swiss laboratories, while 
the electronic method has been more widely used in England, Canada, 
and the United States. Recently Jesse^^ has used the Brown strip 
recorder as a precise recording device working out of the "vlbrating- 
reed” or dynamic -condenser electrometer. In most cases the trace 
sizes are measured with a rule and then sorted into groups according 
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to size. In a recent publication from Switzerland,^^ an Ingenious pho- 
tographic recording method has been described in which a fixed pho- 
tographic plate is used throughout an experiment and the number of 
pulses of a given size are measured by determining plate blacke n i n g 
as a function of height on the plate. 

For electronic detection, sensitive “relay” circuits have been 
used, such that a pulse exceeding a critical voltage by a small amount 
(less than 0.1 volt) causes the recording of that pulse, whereas one 
smaller than the critical voltage is not recorded. Among the most 
commonly used of such relay circuits are thyratrons and vacuum-tube 
trigger pairs. Variation of the d-c bias on the detector grid serves 
to vary the cutoff point; and since d-c voltages are easily measured, 
the cutoff point can be precisely determined and reproduced. 

With a single variable bias detector of this type, an integral curve 
may be measured, i.e., the number of pulses above a certain voltage 
may be measured as a function of that voltage. Thus for a particles 
of a single energy in a total -ionization chamber, varying the bias 
voltage would give a number -vs. -voltage curve with a flat plateau 
that would drop off suddenly at the pulse height corresponding to the 
a energy. The derivative of this integral curve is the pulse -height 
distribution curve. In determining the differential curve, the number 
of counts at one point is subtracted from the number at the neighbor- 
ing point. Since each point is independently measured, the statistical 
fluctuations of both points enter into the error in the difference. This 
statistical fluctuation may be greatly reduced by using two detector 
circuits whose grid biases are kept a fixed voltage apart. The dif- 
ference between the counts recorded through the two detectors deter- 
mines directly the number of pulses at the given pulse height, and 
the counting error in the difference is due solely to the statistical 
fluctuation of the difference.! The pulse distribution (or differential 
curve) may be determined directly by sweeping the biases of the two 
detectors over the desired range. Instead of subtracting the total 
counts passing through one detector from the total of the other, the 
differences may be determined directly by the use of a cancellation 
circuit which allows the recording of only those pulses which exceed 
one bias but not the other 


tE.g., In an Integral curve determined with a single biased detector, the number of 
counts at one voltage might be 1,089 1 33 (statistical fluctuation error), whereas the 
number of counts at the next voltage step might be 000130. The number of puUes 
within this voltage Interval would then be 189145. H two biased detectors had been 
used, the number of counts on one might be 1,100 and 904 on the other. The number of 
pulses in this voltage Interval would be 196 1 14, or one-third the staUstlcal error. 
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The photographic method has the serious disadvantage of requiring 
the tedious measurement of the pulse traces on the film. In the form 
in which it was often used (with a mechanical oscillograph) It had the 
further limitation of requiring low counting rates. This limitation is 
not inherent in the method since a cathode -ray oscillograph may be 
used. It is relatively easy to collect a moderately large number of 
pulses in a reasonable time since pulses of all sizes are recorded as 
they come through. Nevertheless, the tedium of measurement makes 
the collection of a large number of pulses impractical. With only a 
small number of measured traces, the statistical fluctuations make 
accurate measurements rather difficult. In addition, the problems 
involved in making accurate measurements of the film traces also 
make good accuracy difficult to attain. The precision of Jesse’s 
method, which uses the vibrating reed and the Brown recorder, is 
better than has been achieved thus far by any photographic method. 

The electronic method makes it possible to avoid making visual 
measurements of a trace by referring measurements to a precisely 
deteritiined d-c voltage (pulse -height selector bias). It has the disad- 
vantage that only one pulse height is measured at a time. With the 
differential pulse selector, for example, the pulses measured at any 
time lie within the narrow band determined by the difference between 
the two pulse selectors. Thus, in order that each point shall be meas- 
ured with adequate statistical accuracy, it is necessary to spend con- 
siderable time In the complete sweeping of the energy region to be 
measured. At any one time a large fraction of the pulses formed in 
the ion chamber are not recorded,! resulting in a corresponding in- 
crease in the counting time. This carries with it the added disadvan- 
tage of possible difficulties if the chamber or amplifier character- 
istics drift with time. 

3.4 Multichannel Systems . It would obviously be desirable to 
combine the advantages of both methods — recording all the a pulses 
formed in the ionization chamber and at the same time utilizing the 
precision and measuring ease of the pulse -height selector method. 
To achieve this combination a multichannel system, characterized by 
a series of pulse -height selectors with biases differing by fixed volt- 
age increments, was constructed. In this instrument all the pulses 
from the ion chamber are recorded, each pulse being applied to every 
channel, but recording only in the channel whose bias corresponds to 


tThls comment applies also to the case In which all pulses above a certain slse are 
recorded since only those pulses ]ust getting through the pulse -height selector are 
significant In the numerical differentiation process carried out later to get a curve of 
number vs. pulse height. 
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its pulse height. Of course, because of the finite widths of the chan- 
nels, it is not possible to attain a continuous description of the pulse 
distribution. This, however, is rarely a limitation since if the chan- 
nel width is somewhat smaller than the natural width of the pulse - 
distribution curve, no significant loss in resolution or accuracy oc- 
curs (Sec. 9.10, Fig. 22). 

After this instrument was built, it came to our attention that a num- 
ber of such multichannel instruments with quite different designs but 
with an over -all similarity had been built elsewhere. Owing to the 
compartmentalizatlon of the various projects during wartime, it was 
only after our analyzer had been in operation for some time that we 
found that the British**’” as well as the Canadians,^* had constructed 
several such instruments. Still another one had been built at Los 
Alamos.** A description of one of the Canadian analyzers has recently 
been published,** and in it there is also a discussion of some of the 
problems Involved in designing and using a multichannel selector. 

Although the instrument described here is hardly equipped with 
optimum characteristics, it has been used for analyzing thousands of 
samples; and it was felt, therefore, that a description of its construc- 
tion and operation was worth while. Work is now going on to improve 
its stability and resolution. 


4. APPARATUS 

4.1 General. Figure 1 illustrates a block diagram. The pulse 
from the chamber is amplified in the preamplifier and then in the 
first amplifier. It is then passed through a prediscriminator stage, 
which subtracts the same voltage from each pulse. The remaining 
portion of each pulse is amplified in the second amplifier, the output 
of which is a cathode follower (Fig. 4). The output stage then feeds 
into the 48 channels through a subsidiary set of cathode followers. 
The region of general interest can be spread over all the 48 channels 
by varying the bias in the prediscriminator and by varying the gain of 
each amplifier separately. The ability to concentrate all the detectors 
on a small energy region (thus accentuating energy differences) is 
important since most of the a emitters of interest have energies 
between 4 and 6 mev. Every detector whose bias is less than the 
pulse size is fired by a pulse, but by means of the cancellation circuit 
described below the resulting signal is not transmitted to the re- 
corder unless the pulse has not tripped the detector with next higher 
bias. The counts in each channel are registered by fast mechanical 
recorders. A photograph of the entire unit is shown in Fig. 2. 

4.2 Chamber. The design of the chamber is greatly simplified by 
the use of “free -electron” gases,**’"’" instead of air, because of the 



BLOCK DIAGRAM 



Fig. 1 Block diagram of a 48-chaimel pulse analyser for a -energy measurements. 
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low electric fields necessary in such gases.t Low fields suffice be- 
cause (1) the great mobility of electrons in free -electron gases en- 
ables rapid collection of charge even in small electric fields and 
(2) the field necessary to prevent recombination of positive and nega- 
tive charges (i.e., the saturation field) is much smaller than in air. 

In comparable electric fields, the electron velocities are of the 
order of a thousand times larger than those of the positive ions, so 
that during the time in which the electrons are collected, the positive 
ions hardly move at all. Because of the electrostatic induction effect, 
the charges affect the collectrodet before they actually strike it (see 
references 44 and 46 to 48). At the instant of charge creation by the 
a particle, the net induction effect is zero since both charges of each 
ion pair are essentially at the same point. As the field moves the 
charges apart and the electrons approach the collectrode, the induc- 
tion effect due to the electrons increases. The induction effect of the 
positive ions on the collectrode is opposite in sign to that of the elec- 
trons, and it therefore tends to partially cancel the electronic effect. 
Since the positive ions remain practically stationary during the period 
of electron collection, their cancellation effect remains essentially 
constant. Thus if only the electronic part of the pulse is used, the 
total charge collected in the ordinary ionization chamber is smaller 
than would be the case if both positive and negative charges were 
completely collected. 

The magnitude of such cancellation can be easily calculated if the 
electrodes have suitable symmetry,*'' such as infinite plane elec- 
trodes, Infinite coaxial cylinders, or concentric spheres. Each charge 
is considered separately by treating it as though it were uniformly 
spread out on a surface lying symmetrically between the two elec- 
trodes, the position of the actual charge determining the position of 
the surface. For example, a charge Q lying between two concentric - 
sphere electrodes at a distance R from the center would be consid- 
ered spread uniformly over a concentric sphere of radius R. The 
magnitude of the total charge induced on both electrodes by the charge 
Q is equal to Q. The partition of the total induction between the two 
electrodes is determined by the ratio of the electrostatic capacities 
of the artificial surface to each of the electrodes. The closer the 
charge Q is to one electrode, the larger the capacity of the artificial 


tSuch gases are nitrogen, hydrogen, or the noble gases, In which the capture of 
electrons to form negative Ions has very low probability, and hence electrons carry 
the negative current In an electric field, Oxygen, on the other hand, Is highly elec- 
tronegative, having a high probability of capturing electrons. 
iCollectlng electrode. 
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surface to this electrode, and hence the larger the induced charge. t 
For plane parallel electrodes, the effect is linear since the capacity 
varies directly as the distance between the plates. For the spherical 
and cylindrical case, the linear relation does not hold. 

If the ionization chamber Is being used for energy determinations, 
the "posltlve-lon effect” is annoying since the magnitude of the can- 
cellation depends upon the geometrical position of the positive ion in 
the chamber. For a particles emitted in various directions, the vari- 
ation in the cancellation effect can cause quite serious differences in 
pulse heights.^* This difficulty may be minimized by several methods: 
(1) The collectrode may be placed at some distance from the ioniza- 
tion path, which decreases the induction effect; (2) advantage’-^*’*” may 
be taken of the fact that the capacity between concentric -spherical 
and cylindrical surfaces does not vary linearly with distance from 
the central surface. The collectrode may be made with so small a 
radius of curvature that Its capacity to any surface even a little dis- 
tance away is small, and hence practically no induction can take place 
unless the charges are very close to it. This method has an added 
advantage in that the small size of the collectrode serves to decrease 
its capacity to the high-voltage electrode and to the rest of the cham- 
ber, thus tending to increase the pulse height. It has the disadvantage 
that the electric field drops off with distance from the collectrode 
even more rapidly than does the capacity of the artificial surface. 
Thus the field is quite nonuniform, and it is relatively weak at the 
high-voltage electrode, on which the sample is often placed. Fortu- 
nately, electron mobilities in free -electron gases are so high that 
even in weak fields the velocities are high, and saturation is easy to 
attain. 

A third method of reducing the positive -ion effect involves the use 
of a grid (see references 18, 19, 21, 23, 50, 51, and 52) in front of the 
collectrode in a parallel -plate ionization chamber. The grid serves to 
shield the collectrode from Induction effects resulting from charges 
between grid and high-voltage electrode. It has no. shielding effect, 
however, on induction from charges that have passed through the grid 
into the region between grid and collectrode. Since the positive ions 
never enter this region, the positive -ion effect is removed. Collection 


tin the case of two concentric -sphere electrodes, where the Inner one Is the col- 
lectrode, the magnitude of the charge Induced on the collectrode Is Qa(b - R)/R(b - a), 
where a = radius of collectrode, b = radius of outer electrode, and R Is the distance of 
Q from the center. Note that the charge is Q when R = a, and Is aero when R » b. For 
the case where b > a, the Induced charge Is Qa(l - R/b)/R, l.e., It drops off hyper - 
boUcly with R (for b > R). 



12SB 


THE TRAKBURANIUM ELEMENTS 



Fig. 3 — Ionization chamber for the 48-channel pulse -height analyzer. 
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Of electrons on the grid is prevented by the use of a high negative 
potential, but one not as high as that on the high-voltage electrode. 
From experiments in this and other laboratories it seems that the 
grid-type chamber is the beat kind to use if great uniformity of pulse 
size is desired under a variety of conditions. The analyzer we are 
using, however, has been built about a chamber designed to reduce 
the positive -ion effect by the first two methods. 

The ionization chamber (Fig. 3) is mounted in a large steel vacuum- 
tight enclosure. The high-voltage electrode consists of a covered 
bucket supported on Insulators large enough to allow the use of up to 
5,000 volts (negative). Into the bottom of this electrode the sample 
support is fitted by means of a breech thread, a projecting pin being 
used to simplify the alignment of the thread as the support is pushed 
upward. The sample support may be removed through the bottom 
door which pivots on a single loose hinge and is clamped against the 
rubber gasket by three thumbscrews. To facilitate rapid clamping, 
these screws are hinged and slide into slots in the door. The bottoms 
of the sample support and high-voltage electrode are insulated to 
protect the instrument operator. 

The collectrode consists of a Vz-in. brass sphere at the end of a 
narrow rod. To reduce the capacity to ground, the rod is supported 
by a long Insulator; and a fine wire leading from the rod through the 
insulator in the top of the can is used to carry the signal. The wire 
and the polystyrene insulator through which it passes are vacuum - 
sealed with Apiezon W wax, and the insulator is also mechanically 
supported by screw threads. The high-voltage lead comes through a 
similar insulator, with a 1-pf (5,000 volts, oil) condenser connected 
outside the vacuum chamber. The condenser is in a shielding brass 
box, through the wall of which passes a grounding key for discharging 
the condenser. The preamplifier is mounted on top of the vacuum can 
directly above the lead from the collectrode. 

After a sample has been Introduced, the chamber is evacuated with 
a high-capacity mechanical pump to a pressure of about 0.07 mm, and 
then filled with argon. Repetition of this process has been tried, but 
it seems not to have made any difference in the results, and therefore 
one pumping is generally considered sufficient. Since the time re- 
quired for sample changing is short, only a small amount of air is 
Introduced during this operation, and as a result the partial pressure 
of oxygen after one pumping is tolerably low. Oxygen interferes by 
combining with the free electrons to form slow-moving negative ions. 

The argon used is purchased in large tanks and is said by the manu- 
facturer to be 99.8 per cent pure. It is not prohibitively expensive, 
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being commercially manufactured for use in wel(Ung. For a while, 
the argon was purified by being passed over hot copper, but it was 
found that no difference could be noticed when this step was omitted 
provided the gas was led directly from the tank through copper tubing. 

Since no difference has been found in operation characteristics as 
a result either of purification procedures (for oxygen removal) or of 
flushing the chamber once with argon, it seems likely that the oxygen 
content in the chamber is so small as to have little effect. According 
to the results obtained by Clark, Spencer -Palmer, and Woodward^” 
this means that the oxygen content is probably less than 100 parts per 
million (or less than 0.07 mm at 1 atm). Purified nitrogen has been 
used, but it is less satisfactory than argon in a number of respects; 
for example, higher voltage is required for saturation. 

After the chamber has been evacuated, it is filled to a pressure of 
1 to 2 atm, and it is then used either statically or with gas flowing 
through at the rate of a few tenths of a milliliter per second. It has 
been found that the characteristics of the pulses change more rapidly 
when the gas is merely allowed to stand in the chamber rather than 
when it is allowed to flow through. Presumably this phenomenon is 
due to vapors arising from the organic matter in the chamber (insu- 
lators and rubber gaskets) or to air entering through very small 
leaks. The drift with static gas e^qjresses itself as a decrease in 
pulse size for a particles of a given energy as well as in a decrease 
of resolution, i.e., increased spread of pulse heights corresponding 
to a given energy. When the chamber is adequately vacuumtight, the 
drifts occurring with flowing gas are smaller than those occurring 
with static gas, and even these steady down to quite small effects 
after an Initial flowing period. The importance of such drifts as do 
occur is minimized by the use of a -emitting standards as described 
below. The potential on the high voltage is -1,500 to -2,500 volts for 
1 atm and -3,000 to -4,000 volts for 2 atm. 

Clark, Spencer -Palmer, and Woodward^' have found that by using a 
system with practically no rubber and with wax joints, by pumping 
down to a high vacuum, and by very elaborately purifying the argon 
with hot copper and drying agents, no drifts due to gas deterioration 
would occur over some days when the static method was used. At 
Los Alamos and elsewhere (see references 14, 21, 23, 42, and 53) it 
has been found that continuous circulation of the argon over hot cal- 
cium achieved the same purpose after a preparation period of several 
hours. However, for large numbers of runs such elaborate prepara- 
tions are prohibitively time consuming, so that the drifts that may be 
ascrlbable to Insufficient gas purity have been accepted and their 
effects minimized, in so far as possible, by the use of standards. 
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Although the use of a small collectrode located at some distance 
(12 cm) from the sample tends to minimize the positive -Ion effect, It 
does not eliminate it entirely. The effect may be calculated by using 
some simplifying assumptions and the mathematical device referred 
to above.**' If the electrodes are approximated by two concentric 
spheres of radii in. and in. and if the a -particle specific ioniza- 
tion is taken as a constant, then the maximum positive -ion effect 
(vertically -emitted a particle) at 1 atm pressure results in a reduc- 
tion of pulse height of 1.6 per cent for an a particle of 5.0 cm range, 
1.2 per cent for an a particle of 4.0 cm range, and 0.8 per cent for 
an a particle of 3.0 cm range. An a particle emitted at a small angle 
to the sample plate undergoes practically no positive -ion effect at all, 
so that these percentages represent the maximum pulse -height devia- 
tion due to the positive -ion effect alone. If the pulse -height distribu- 
tion without positive -ion effect can be approximately represented by 
a Gaussian curve, then the reduction in the average pulse height is 
less than the maximum deviation, being 0.7 per cent for the 5.0-cm 
a particle. The effect on the resolution is much less, a straggling 
parametert of 1.0 per cent increasing only to 1.2 per cent. 

The positive -ion effect is evidently nonlinear, being larger for 
more energetic a particles. This factor does not Introduce any added 
complications because the slight nonlinearity of the amplifier neces- 
sitates the use of a -energy standards in any case. 

The mild reduction of resolution by the positive -ion effect is of 
importance only when samples are counted at 50 per cent geometry. 
When, by the use of collimators, only vertically emitted a particles 
are counted, all a particles of a given energy are affected approxi- 
mately alike. However, the nonlinearity of pulse height variation with 
energy still remains. The collimation technique is described below. 

Besides the positive-ion effect, the angular distribution of the a 
particles gives rise to another source of difficulty. The pulse shape 
and rise time from a vertically emitted a particle are not the same 
as those of a horizontally emitted a particle because of the different 
induction effects from the various a tracks. This effect need cause 
no great difficulty if the amplifier is adequately designed. 

4.3 Amplifier. The circuits are shown in Fig. 4. The entire am- 
plifier has a moderately low frequency response (Fig. 5). This fre- 
quency characteristic was determined empirically to give the best 
resolution with the chamber of Fig. 3. 


tv the distribution curve Is approximately representable by a Gaussian error curve, 
the straggling parameter (a) Is one-half of the width at 1/e of the height {see Sec. 6). 
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Fig. 4 — Pulse -analyzer amplifier circuit — (continued below). 
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The preamplifier is mounted directly on the chamber. The filament 
of the 38 tube is operated in series with the filaments of the first 
three amplifier tubes from a 24-volt d-c supplyt piped into the count- 
ing rooms; one side of the 38 filament is grounded. The use of a reg- 
ulated d-c filament supply prevents hum pickup through the filament 
and prevents gain variations due to filament voltage changes. 



CYCLES /SECONDS 


Fig. 5 — Pulse -analyzer amplifier frequency response. 


The first amplifier consists of four stages followed by the pre- 
discriminator. The second amplifier consists of two stages, the last 
one being a cathode follower. Some of the problems in designing the 
amplifiers and prediscriminator were (1) to achieve a large signal as 
close to linear as practicable, (2) to design an output circuit with an 
output impedance sufficiently low so that the signal would not be at- 
tenuated when all the selector units were conducting, (3) to obtain a 
constant gain and discrimination level, and (4) to use a frequency re- 
sponse that would allow pulses of various rise times to come through 
with the same output heights. 

ft is desirable to have a large signal for the prediscriminator input 
and for the input to the 48 selector units in order to minimize the 


tRegulsted battery-less supply (Nobatron: Sorenson and Co.) 
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e&ect of drifts in the discriminator sensitivities. A linear signal is 
desirable so that the pulse heights may be linearly related to the 
a energies. However, small departures from linearity can be easily 
allowed for by calibration. There was no difficulty in obtaining linear 
amplification from the first three stages of the amplifier since the 
outputs of these tubes are at a low signal level. The fourth stage, 
however, and the amplifying stage following the prediscriminator are 
both identical, giving a 160- to 170-volt pulse output. Each has a 
250-ohm unby-passed cathode resistor to help increase linearity, and 
each has a variable screen resistor to adjust for linearity. This 
adjustment is discussed later in the section on tuning the analyzer. 

When the 48 thyratrons in the analyzer strike simultaneously, the 
grld-to-ground impedance is lowered sufficiently to decrease the 
signal voltage unless the impedances of the thyratron grid circuits 
are Isolated from the plate circuit of the last amplifying stage. Owing 
to the finite rise time of the pulse, thyratrons with a larger bias 
strike later than do those with smaller bias,*" so that it is Important 
to avoid changing the pulse height by loading the output. To reduce 
the output impedance, the output amplifier is coupled to a cathode 
follower on the amplifier chassis which is in turn connected to each 
of eight cathode followers on each of the eight selector chassis. The 
low output impedance of the cathode follower also reduces capacl- 
tative losses in the cable. Each of the cathode followers uses a 6AG7 
tube chosen for its high transconductance, and each of the cathode 
followers on the selector chassis has a 10,000-ohm stopping resistor 
in series with the grid in order to prevent oscillations. There is no 
measurable attenuation of the signal when all the thyratrons are 
conducting. 

The prediscriminator is a 6SJ7 tube operated as a phase inverter. 
Its cathode is connected through a 0.1 -megohm resistor to a 105-volt 
source stabilized by a VR-105 tube. The grid bias is also derived 
from the stabilized 105 -volt source, and it may be varied with the 
potentiometer R-38 (bias control). The adjustment of this control in 
conjunction with the adjustment of the first amplifier gain control 
(R-15) shifts the position of a particular a peak among the channels. 
R-39 is a tapped resistor, which is adjusted so that the zero position 
of the bias control corresponds to the cutpff voltage of the tube. 

Since the pulses entering the prediscriminator are of the order of 
100 volts in height, a change of 0.1 volt in the cutoff voltage of the 
6SJ7 Introduces an error of only 0.1 per cent. The variation in the 
tube cutoff is ordinarily no greater than 0.1 volt, although fluctuations 
in the VR tube may result in tripping height variation of as much as 
0.3 volt. 
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* % a gain of 1 since Its unby-passed cathode 

'Vttsistoi^ is equal to the plate load resistor. The current feedback 
• TSBuIting. from the unby-passed cathode resistor serves to give a 
'^ Htnear response for large pulses. The output of the prediscriminator 
is amplified in a stage identical with the one preceding the 6ST7 and 
is fed through the cathode follower output to the 48 channels as de- 
scribed above. 

The frequency response shown in Fig. 5 was determined empiri- 
cally to give the best resolution with the chamber and gas used. The 
high-frequency response is determined by R-26 and C-26, while the 
low-frequency response is fixed by R-7 and C-5. Other combinations 
would undoubtedly work as well; these were left as they were when it 
was found that they gave good results. The necessity for adjusting 
the frequency response in this manner occurred primarily when 
50 per cent geometry was used. In this case, as discussed above, the 
pulse rise time depends upon the angle of emission of the a particle. 
When the a particles are collimated, the effect of the frequency re- 
sponse upon pulses of various rise times is relatively unimportant 
since collimated a particles give pulses of about the same rise time. 

An analysis of the circuit provides an explanation for the existence 
&f an optimum frequency-response band for the chamber and gas used 
and also for the fact that the pulse height and resolution decrease 
when a certain optimum high-voltage value is exceeded. The analy- 
sis’* of a circuit whose upper frequency cutoff is determined by one 
RC constant and whose low frequency cutoff is determined by an- 
other RC constant shows that a graph of pulse height vs. pulse rise 
time goes through a maximum. The breadth of this maximum is de- 
termined by the breadth of the frequency -response curve. The mod- 
erately narrow band of the present amplifier is adjusted for the rise 
times occurring with the chamber and gas used. Increase of high 
voltage beyond a certain point Increases the electron velocity, de- 
creasing the rise time of some pulses beyond the maximum. These 
pulses are diminished in size thus worsening the resolution by broad- 
ening the pulse -distribution curve. 

At times, when slight leaks or other sources of gas Impurities 
developed, the resolution at 50 per cent geometry was seriously 
impaired, presumably because the rise times changed sufficiently to 
move away from the maximum in the curve of pulse height vs. rise 
time. In these cases operation with collimated sources was feasible. 
When the leaks became more serious, even collimated sources showed 
poor resolution, presumably because of negative oxygen ion formation. 

The straggling contributed by the amplifier noise and other varia- 
tions in the electronic circuits was tested by the use of artificial 
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pulses. The output of a pulse generator, suitably attenuated,/* WM 
delivered to the collecting electrode by capacltative coupling through 
the high-voltage electrode. Since the driving frequency was derived 
from the 60 -cycle supply, the output pulses were synchronized witil* 
60 cycles, thus minimizing the variations due to the slight hum in the 
pulse -generator output. The pulse input was adjusted so that the out-' 
put corresponded to that caused by a 5-mev a particle. By roughly 
approximating the pulse distribution with a Gaussian curve, the strag- 
gling parameter was found to be about 12 kev (0.24 per cent). This 
value gives an upper limit to the straggling due to such electronic 
factors as amplifier noise. Since, as will be discussed later, this 
value is less than that found for a particles, the resolution of the 
present instrument has not been limited by amplifier noise. The 
relatively low noise level is at least partially due to the moderately 
narrow frequency -response band of the amplifier. 

4.4 Multichannel Selector Units . The multichannel analyzers 
mentioned above, as well as the one described here, have in common 
the fact that each channel contains three essential components; (1) a 
discriminator whose tripping action is set by an externally supplied 
bias and whose output pulse is independent of the tripping pulse, (2) a 
cancellation circuit, which cancels the output pulse in all those chan- 
nels tripped by a pulse except in the channel with highest bias, and 
(3) a recording circuit. The discriminator outputs should all be the 
same in order to provide trouble-free cancellation action. The dis- 
criminators used have been either thyratrons or trigger pairs, either 
of which give constant -output pulses. Trigger-pair circuits can be 
made somewhat more stable in tripping level than thyratrons and can 
be used at higher counting rates, but they require more circuit com- 
ponents. In order to simplify the circuit construction, thyratrons 
(type 2050) are used as the discriminators in the analyzer described 
here. Other factors keep the useful counting rates low enough so that 
the thyratron is no limitation. The drift of the thyratrons, however, 
is important and will be discussed below. 

The cancellation circuits must allow only the channel whose bias 
voltage corresponds to the peak voltage of the pulse to record that 
pulse. For example, if a pulse trips the discriminators of channels 
1 to 5, the output pulse from the channel 2 discriminator cancels the 
output pulse from the channel 1 discriminator, channel 3 cancels 
channel 2, etc. Only channel 5 remains uncancelled and thus is the 
only one to record. 

Several types of cancellation have been used. In one general type 
the pulses from the discriminators are used to cancel each other. In 
one such scheme"'" pulses from adjoining channels are fed into a 
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multigrid mixer tube in opposite phase; a signal emerges into the 
recorder only if just one pulse enters the mixer. In another method 
of this tjrpeUie pulses from adjacent channels are fed into the opposite 
ends of an impedance, the total output being the algebraic sum of the 
two. Cancellation occurs unless only one pulse enters this impedance. 
One of the British analyzers^* uses a resistive cancellation circuit of 
this type, but the analyzer described here uses an Interstage trans- 
former. Because of the finite rise time of the pulse emerging from 
the amplifier, direct cancellation of the discriminator output pulses 
can be used only with relatively slow pulses.'*” 

For cancellation at high counting rates with circuits utilizing fast 
pulses, gating circuits have been used.”-^” A pulse from the dis- 
criminator activates a gating tube, which may also be deactivated by 
a pulse from the neighboring channel. A timing circuit, activated by 
the pulse output of the amplifier, sets off the gating circuits of all the 
channels at the same time. Only that gating circuit which has been 
activated by its own channel and has not been deactivated by its neigh- 
boring channel allows the count to go through. Since the activating 
and deactivating pulses can be made to span the rise time, even very 
fast circuits can be made to cancel correctly with pulses of finite 
rise time. This type of cancellation circuit is quite complicated, in- 
volving many circuit components, so that it would be of little advan- 
tage with the analyzer described here, in which the amplifier fre- 
quency response and the recorders limit the pulse speed and hence 
the counting rate. 

In this analyzer, the thyratron pulse -height selectors (Fig. 6) con- 
sist of eight identical banks. Each bank contains a 6AG7 cathode 
follower, six selector thyratrons, six cancellation circuits, and six 
recorder thyratrons. The latter are connected by cable to the re- 
corders, which are mounted in an adjacent relay rack. The eight 
pulse -selector banks together with the amplifier occupy the other 
relay rack. Each of the eight banks is connected to the. preceding one 
through a shielded cable to provide cancellation between the first 
tube of one hank and the last tube of the preceding bank. The last 
selector on the last bank counts all pulses whose voltages are greater 
than its bias setting, whereas each of the other selectors counts only 
those pulses whose voltages are within itS'3-volt band. 

The cathode follower in each chassis feeds the pulses to six units. 
Each unit contains a thyratron pulse-height selector, a transformer 
cancellation circuit connected to the preceding and succeeding units, 
and a thyratron recording circuit. The bias for each of the 48 selec- 
tors comes from an external bias supply. The channel width is vari- 
able, but if, as is usual, it is set at 3 volts, then the external bias 
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supplied to each thyratron is 3 volts more negative than that on the 
previous tube. Variations in the cutoff characteristic of each thyra- 
tron may be corrected for by means of a potentiometer in the thyra- 
tron cathode circuit, which can be adjusted from the front panel. A 
small (approximately 2‘/Wolts) positive voltage is applied to the po- 
tentiometer, and the cathode is tapped off it. The methods of ad- 
justing the 48 potentiometers will be discussed in Sec. 4.7. 

In the plate circuit of each 2050 discriminator tube, there is a neon 
light, mounted on the front panel, which flashes when the tube con- 
ducts. This enables visual observation of each pulse height and aids 
in the tuning process. The thyratron quenching is due to the drop of 
plate voltage resulting from the discharge of the 0.05 -juf plate to 
cathode condenser. Plate voltage is restored by charging through the 

50.000 - ohm plate load resistor. In each thyratron grid circuit is a 

10.000- ohm resistor, which serves to keep the grid impedance during 
discharge relatively high so that the discharge of the first thyratron 
does not short-circuit the cathode follower. 

The cancellation circuit is a modification of one described by 
Roberts,” and it involves the use of a push-pull transformer lor mix- 
ing the cancelling pulses. The pulse output of the 6AG7 cathode fol- 
lower is positive, and if it exceeds the bias on the first selector, the 
tube trips, giving a negative pulse of about 100 volts, which passes 
through one side of the transformer. If the cathode follower pulse is 
too small to trip the second selector, there is no cancelling voltage; 
and the negative pulse to the input of the transformer appears as a 
positive pulse of about 100 volts on the secondary output. Since the 
recording thyratron is biased to only -17 volts, it is tripped by the 
output pulse, thus activating the register and recording the count. If 
the cathode follower pulse is large enough to trip the second discrim- 
inator, its negative output pulse is applied to the opposite end of the 
transformer primary in the first channel, and no pulse emerges from 
the transformer secondary. Since the recording thyratron bias is 
-17 volts, considerable inequality in the discriminator outputs and 
the primary windings can be tolerated because incomplete cancella- 
tion does not result in recording unless the difference exceeds 17 
volts. In practice no difficulty has been encountered even with aging 
tubes. As may be seen in Fig. 6 the first thyratron selector In each 
chassis does not have the same plate load as the other thyratrons, 
except by connection to the previous chassis. To make the plate load 
for the first thyratron in the first chassis the same as that of the 
other selectors, a dummy transformer is used. To allow all the 
chassis to remain interchangeable, this transformer is mounted on 
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a plug which fits Into the female normally used to connect to the' 
previous selector bank. 

The recorders are of the Cyclotron Specialties type, which can be 
made to run at a rate of 60 per second on uniform pulses. To con- 
serve space and for ease of mounting, these were removed from their 
cases and mounted on panels. It was found that when the recorders 
were used in the plate circuit of the recording thyratrons, grounding 
of the recorder shell with the coils at high potential resulted in occa- 
sional short-circuiting of the relay coils. Since the d-c voltage on the 
cathode is zero when the tube is nonconducting, the recorders were 
placed in the cathode circuits, thus removing the shorting danger. 

In each of the cancellation circuits is a switch that is normally 
closed to allow cancellation. When these switches are open, an inte- 
gral rather than a differential distribution is measured since each 
register then records all of the pulses that trip its discriminator. 
Such integral curves are sometimes used to measure the total counts 
in a certain number of channels (corresponding perhaps to a partic- 
ular nuclide) without the bother of adding up the counts in each chan- 
nel. Usually differential curves are preferred since they not only 
give the energy distribution directly but also allow higher counting 
rates. When an integral curve is determined, the first few channels 
must record all the pulses. Since the recorders limit the useful 
counting rate per channel, the total counting rate must then be fairly 
low. When the counts are spread by the differential method over 
many channels, the counting rates can be considerably higher. 

The last register records ail the pulses larger than the bias on the 
last channel. 

4.5 Bias Supply . The bias supply (Fig. 7) consists of a voltage 
divider supplying 48 leads which go to the 46 thyratron pulse -height 
selectors. The first lead can be supplied with any voltage from 0 to 
159 volts, and the others can be supplied with voltages increasing by 
constant steps (called the "channel width"), usually 3 volts, but which 
may be 2, 1, ‘/ 4 ,Vio, or 0 volts. The channel width Is determined by 
switch S3. The various resistor values were accurately adjusted to 
give the proper voltages. The parallel and series resistances at the 
various settings of S3 determine the total voltage across the 48 pre- 
cision bias resistors, and they thus determine the voltage across 
each one. They also maintain the total resistance in the voltage - 
dividing network constant, so that changes in the channel width do not 
affect the range control. 

The voltage on the first thyratron (range) is determined by switches 
S4 and S5. Since S4 is also arranged so that changes in its setting do 
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not affect the total resistance in the voltage -dividing network, changes 
in the range control do not affect the band width, S4 provides voltages 
in 20-volt steps from 0 to 140 volts, and S5 provides voltages in 1-volt 
steps from 0 to 19 volts. A change in the range control, by changing 
the bias of the first thyratron selector, changes the bias of each of 
the selectors by the same amount since the bias difference between 
successive thyratron selectors is constant. 

The original purpose of incorporating variable range and channel - 
width controls was to allow the pulse distribution from a mixture of 
a emitters to be examined in greater or less detail, as desired. In- 
creasing the range -control setting brings the higher -energy a par- 
ticles into the recording region of the instrument. Decreasing the 
channel width increases the sensitivity and detail with which a partic- 
ular Of -energy region is examined. In actual practice neither control 
is varied, except during the tuning process. The range control is 
generally set at 10 volts, and the channel width is set at 3 volts. The 
maximum channel width is used since using smaller channel widths 
accentuates the effect of small drifts in the thyratron cutoff charac- 
teristics. In practice, changes in the region or detail of examination 
are made by varying the gain controls in the amplifier and by varying 
the bias setting of the prediscriminator. 

The voltage divider is supplied with 303 volts from a regulated 
power supply whose reference voltages are taken from dry batteries. 
The current through the divider is standardized against a standard 
cell by bucking the cell against the voltage generated across a 76.42- 
ohm resistor. Divider current changes may be corrected by adjusting 
the grid bias of the 6SJ7 regulating tube until the galvanometer is 
balanced at zero. The 48 bias voltages are carried through eight 
octal cables to each of the eight selector chassis. 


Fig. 7 — Pulse -analyzer bias supply. 

Note 1, This resistor is adjusted so that the parallel combination has a value of 
exactly 10,800 ohms. 

Note 2. All resistors are wire-wound precision resistors, IRC type WM-4, except 
for the voltage control to the 6SJ7, which is a General Radio, type 314, potentiometer. 

Note 3. The channel widths (voltages obtained across each 250-ohm resistor) are 0, 
O.l, 0.25, 1, 2, and 3 volts for positions 1, 2, 3, 4, 5, and 6, respectively on switch S,. 
This is a two -pole six -position switch. 

Note 4. The galvanometer is mounted on the chassis behind the panel. The needle is 
viewed through a 1-ln. hole in the panel, and is illuminated with a 6.3 -volt pilot lamp 
placed on one side of the scale. 

Note 5. These resistors are adjusted so that the total resistance is 1,425 ohms. 

Note 6. These connectors are octal sockets mounted on the back of the chassis. 
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4.6 Power Supplies . The low-voltage power supply (Fig. 8) fur- 
nishes the following voltages: regulated 350 volts for the 6AG7 cath- 
ode followers on the pulse-height selector chassis, regulated 300 volts 
for the amplifier B+ supply, unregulated 300 volts for the reglsterr 
driving thyratrons, regulated 120 volts for the selector thyratrons, 
and unregulated -17 volts for the bias on the register thyratrons. 
The power supplies are regulated by circuits similar to those used in 
the bias supply. 

The high-voltage supply*® supplies up to -5,000 volts and is regu- 
lated by the use of an a-c saturated transformer. The voltage is 
adjusted by means of a variable autotraiisformer in the primary. 

The entire 110-volt a-c supply is regulated by means of a Sola 
transformer. 

4.7 Tuning the Analyzer . The high-level stages in the amplifier 
are adjusted for approximate linearity by varying the screen resis- 
tors. This adjustment is only approximate, but it serves to avoid 
gross nonlinearity. After the first lining up, the drift of the circuits 
is seldom large enough to be detectable by the test used. A signal 
from a stabilized pulse generator is introduced into the grid of the 
fourth amplifying stage (6AG7). The output of this stage is connected 
to the horizontal amplifier of an oscilloscope while the pulse gener- 
ator is connected to the vertical amplifier. The screen resistor is 
varied until the scope pattern is a straight line. A similar adjustment 
is made on the other high-level amplifying stage. Using the pulse 
generator, the output cathode follower is checked by observing the 
pulse output with all the thyratrons firing (range control at zero) and 
with none firing (range control set high). There should be no observ- 
able change in the oscilloscope. 

Because the analyzer is in constant operation, the components age 
and drift sufficiently in about a month to require tuning of the selector 
circuits, although precise work may require more frequent tuning. 
At times the analyzer has been in operation for two to three months 
without retuning. The major portion of the drift is probably due to 
changes in the triggering points of the thyratrons and in the transcon- 
ductances of the cathode followers. The process of tuning involves 
adjusting the potentiometers in the cathode -follower screen circuits 
and in the thyratron-selector cathode circuits until the selectors trip 
on pulses of the correct voltage. 

The method for lining up the selector units involves the use of a 
pulse generator and the range and bias controls. The pulse generator 
is connected at some convenient point in the amplifier (generally the 
second gain control), the channel width is set at zero, and the coarse 
range control is set at about 130 volts. The pulse generator is then 
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set so that tiie selectors are Just firing. The triggering of a channel 
can be easily observed by the flashing of its neon light on the front 
panel. With slow variation of either the pulse generator or range 
control the thyratrons which trip at voitages either above or below 
the norm are located. If they are not too far off, the tripping points 
may be adjusted with the cathode potentiometers; otherwise the tubes 
are replaced. For fine control, the pulse is fed in before the predis- 
criminator, and its bias voltage is varied. 

If an entire bank of six selectors is off (either low or high), all (or 
most) of the channels in that bank will trip before or after the others. 
The banks may be adjusted relative to each other by adjusting the 
resistors in the cathode -follower screen circuits while slightly vary- 
ing the output of the signal generator (or prediscriminator bias) so 
that the selectors are alternately tripped and are not conducting. 
Variation between banks can be minimized by using matched 6AG7 
cathode -follower tubes. By proper selection of tubes, transconduct- 
ances can be matched to about 5 per cent. 

The entire operation is repeated at several settings of the range 
control and pulse generator, with adjustments of thyratron and 6AG7 
circuits. A method suggested by Kohman^ for systematically repeat- 
ing this operation enables the adjustment to be made fairly rapidly. 
Zero channel width and a large pulse (and correspondingly high volt- 
age on the range control) are used, and the cathode -follower screen 
resistors are adjusted until all or almost all the channels fire simul- 
taneously. With a small pulse (and low range voltage), the thyratron 
potentiometers are adjusted until all fire simultaneously. However, 
the adjustment of the thyratrons at small pulse levels disturbs the 
alignment at high pulse height, so that the entire alignment procedure 
is repeated until no discrepancies occur at both pulse heights. Only 
a few repetitions are necessary since the discrepancies disappear 
rapidly. 

Hie particular sequence used results from the fact that variations 
in the cathode -follower gains are of little importance for small 
pulses, but they are of considerable Importance for large pulses. 
Thus, if e^ = pulse voltage from pulse generator, gi^ = gain (less than 
1) of one cathode follower, and e, = range control voltage, then, with 
zero channel width, the voltage put on the thyratron grids of one 
selector bank is eigi^-e, . Suppose e^ = 150 volts, and that e, is se- 
lected so that the net output voltage is zero for one selector bank. If 
the gain g^ of another cathode follower differs by 5 per cent from g|, , 
then the output voltage will differ from zero by 7 volts. If ei = 5 volts, 
then the output voltages differ only by % volt. Thus the cathode fol- 
lowers are adjusted with large pulses, where differences in their out- 
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puts are more Important than differences due to misali g nm ent of the 
thyratron selectors. Correspondingly, the selectors are adjusted with 
small pulses, where differences between the thyratron selectors are 
more Important than differences due to cathode -follower variation. 

As a final test, the tripping of the channels is checked with the 
range control. First the channel width is set at 1 volt, the pulse 
generator is set so the last register trips, and the raiige control is 
increased in 1 -volt steps, so that each register trips in turn. Then 
the channel width is set at 0.1 volt, and the pulse generator output is 
varied slowly, so that each succeeding register trips in turn. Since 
the channel-width bias used regularly is 3 volts, this ensures that the 
error in the effective channel width is no greater than 3 per cent. A 
single a peak is usually covered by at least four or five registers, so 
that errors tend to cancel when the total count in one peak is deter- 
mined, unless there is a consistent error in the selector settings. To 
check the possibility of such cumulative errors, the range control is 
advanced in 1-volt steps with the channel width set at 0.1 volt. The 
channels tripped at each range -control setting should change in groups 
of ten. With a few different pulse-height settings, the possibility of 
cumulative errors is eliminated. 

Despite the tuning, some of the selector banks seem to get out of 
line more rapidly than would be ejected. It is felt that these drifts 
are due to the thyratrons and to the use of eight cathode followers. 
Future circuits will utilize more stable selector circuits and will 
avoid the use of multiple cathode followers.! 

The registers used have a number of adjustments that can slip or 
wear over a period of time. Part of the tuning process therefore 
involves checking and adjusting the registers. The method of adjust- 
ing Cyclotron Specialties registers is described elsewhere.” Several 
methods can be used to check them. One is to determine the counting 
rate of a pulse generator whose repetition frequency has been cali- 
brated. The range control is used to bring in one register at a time, 
and its ability to follow the pulse generator is determined. Another 
method, although much noisier, is faster. The switches in the primary 
circuits of the cancellation transformers are opened. A pulse large 
enough to trip the last channel is used. All the registers fire away 


tThe circuit has been modified,*’ so that the output of the last amplifier tube drives 
a single cathode follower composed of eight 6AC7 tubes In parallel. This cathode fol- 
lower, which has about 100 ohms output impedance, drives the selector thyratrons 
directly. To decrease the short-circuiting effect of conducting thyratrons, the series 
grid resistor of the selector tubes has been Increased to H megohm, by-passed by a 
25-ppf capacitor. 
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simultaneously as pulses come through, and it can soon he seen If 
any are counting ahead or behind the others. 

After being tuned, the Instrument is usually recalibrated with a 
standard containing an artificial mixture of several a emitters of 
known energy. This is a final check on the tuning process since the 
counts should fall on smooth distribution curves. 

5. SAMPLE PREPARATION AND EFFECT OF SELF-ABSORPTION 

To get good results in an a -energy analysis, self -absorption in the 
sample must be quite small. For vertically emitted a particles, the 
effect of sample thickness is not very serious, within limits, since a 
vertical a particle from a sample of surface density 40 ng/sq cm 
loses an average of about 0.01 mev. However, the a particles emitted 
at an angle to the perpendicular lose considerably more energy, the 
amount lost increasing with angle. Self -absorption not only reduces 
the apparent energy, but it also decreases the resolution by spreading 
the peak. A "thick” sample measured at 50 per cent geometry has a 
very marked low-energy tail extending down toward zero energy; the 
greater the thickness, the larger the fraction of a particles appearing 
in this tail. 

The best kind of sample for use in the analyzer consists of a thin 
uniform film spread on a smooth surface. A simple method for mak- 
ing samples of this type involves electroplating on polished metal 
surfaces. (The details of technique in this and other methods have 
been discussed elsewhere.®’**'*^ Another method which gives very 
good samples involves the evaporation of the active material onto a 
cooled plate in high vacuum. Although the samples prepared in this 
fashion are more uniform than those made by any other technique, 
the labor and apparatus involved make the method impractical for 
most samples. The electroplating method, where applicable, has 
proven to be the best method. For the best samples, polished stain- 
less steel or Stellite have been used, although disks punched from 
bright surfaced platinum sheet have given fairly good results. In any 
of the methods of preparation the sample plate is heated to a high 
temperature after preliminary drying, in order to remove acids, 
volatile salts, and traces of moisture. If the platinum sheet is thin 
(less than 0.005 in.) and if it is strained, it may warp on heating; an 
a particle colliding with the warped part of the plate would then give 
rise to short pulses. The plate may be taped to a thick aluminum 
disk to flatten it out. 

If the radioactivity to be investigated is in solution with a quantity 
of nonvolatile salt, the activity must be chemically concentrated be- 
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fore it Is practical to prepare samples. Such separation may be per- 
formed by solvent extraction, by resin column adsorption, by elec- 
trolysis, or by precipitation with specific carriers. The solutions 
resulting from solvent extraction or resin column absorption may be 
essentially free of nonvolatile salts, and they can therefore be directly 
evaporated to give a thin film . 

R is often not feasible to use samples prepared with carriers at 50 
per cent geometry because of the difficulty in making a solid spread 
uniformly. Even if the carrier is redissolved and spread, it often 
tends to clump after evaporation of the solvent. The use of relatively 
nonvolatile spreading agents (e.g., tetraethylene glycol, TEG) serves 
to make the deposition more uniform by causing evaporation from a 
film rather than from a droplet. 

In cases where it is necessary to avoid separation of different 
chemical elements (e.g., uranium and plutonium), chemical concen- 
tration from nonvolatile salts may not be feasible and the original 
material must be spread. The thickness may then be so great that 
the energy straggling may be excessive, even with the use of TEG. In 
this case and when there are large amounts of carriers, samples 
cannot be used at 50 per cent geometry. The collimation methods 
used are described below. 


6. RESOLUTION 

The ability to detect the presence of one peak when it lies very 
close to another is determined by the natural width of the peak. Under 
good conditions, the peak shape may be represented by a Gaussian 
curve of the form 

P (E) dE = — ^ — e -l(E-Eo)*/oi'l dE 
aVir 

[E = the energy corresponding to particular pulse height, P(E)dE = the 
probability that a particular a particle gives rise to a pulse corre- 
sponding to energy between E and E dE, Eq = energy corresponding 
to maximum of peak, a = straggling parameter = one -half the peak 
width at 1/e of the peak height.] When the Gaussian shape applies, the 
peak width may be described by the straggling parameter, although 
some authors have used the “half width” (total peak width at one -half 
the peak height). For a Gaussian curve, the half width is 1.67 times 
the straggling parameter. Even though the peak shape deviates some- 
what from a Gaussian shape, it is still useful to use the straggling 
parameter measure of peak width. The use of the straggling param- 
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eter rather than the half width as a measure of resolution is arbitrary 
since one can be calculated from the other if the pulse shapes are 
actually Gaussian. Because of asymmetric straggling, however, it is 
preferable to use a measure of peak width which is determined lower 
down on the p)eak. Such a practice gives greater weight to the low- 
energy tail. Although the choice of 1/e the peak height is certainly 
arbitrary, the authors believe it to be preferable to the use of the 
half width. 

The width of the approximate Gaussian curve gives a measure of 
the ease or the possibility of distinguishing another peak close in 
energy. From the Gaussian measure, however, the ability to find a 
second peak should be a function only of the straggling parameter and 
the energy difference (AE) of the two peaks, and should not depend 
upon whether the energy of the second peak is greater or less than 
that of the first. Actually some of the straggling factors are asym- 
metric in their effect, which results in greater straggling on the low- 
energy side. They have the effect not only of widening the peak but 
also of shifting the peak toward lower energy and, in some cases, of 
creating a low-energy tall which stretches toward zero energy. U the 
energy of the first peak is E, and that of the second peak is E - AE, 
it will then be harder to find the second peak than if its energy were 
E + AE. In fact, if the second peak is lower in energy and if it is 
present in very low concentration, it may be impossible to locate it. 
Despite the fact that the straggling parameter is not an unambiguous 
measure of the resolution, it is very useful for those cases in which 
the second peak is present in a concentration sufficient to keep it 
from being lost in the low-energy tail. This is true only when most 
of the a particles (of the more energetic group) are in the main part 
of the peak. However, when the asymmetric effect is large (e.g., with 
thick samples), the straggling parameter has little significance be- 
cause a large fraction of the a particles is then in the low-energy tail. 

Since the natural spread (as emitted) of the a energies is much less 
than 1 ev, the observed straggling is an instrumental effect. From 
the emission of the a particles to the recording of the resulting pulse 
height, a number of steps are involved, each step Independently intro- 
ducing its own statistical variations. The most important sources of 
straggling are (1) source straggling, due largely to variations in self- 
absorption (energy loss of the a particle in solids on sample plate) 
and to a back-scattering; (2) ionization straggling or variation in 
number of ion pairs formed by a particles of identical energy; (3) 
chamber straggling, due to such things as the positive -ion effect or 
grid capture of electrons; and (4) amplifier noise. Because the strag- 
gling effects are Independent of each other, the total straggling pa- 
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rameter is taken as the square root oi the sum of the squares of the. 
individual parameters: 




= af + a? + + a* 


where a= total straggling parameter, and s = source, i = ionization, 
c = chamber, and n = amplifier noise. 

As mentioned above (Sec. 5), a thick sample results in energy deg- 
radation of many of the a particles, the energy losses being greatest 
for a particles emitted at small angles to the sample plate. At 50 per 
cent geometry this results in a long low-energy tail, but the tall may 
be decreased in magnitude by collimation (Sec. 7.4). as is of the 
order of magnitude (1.5 to 2 times) of the energy lost by an cr particle 
emitted vertically through the entire sample thickness. Thus for a 
heavy metal oxide (e.g., UjO^) uniformly spread on a smooth plate. 
Os is very roughly 15 kev for a 20 jig/sq cm sample. 

Chamber straggling for the type of chamber used in the present 
instrument is of several types. If a small amount of oxygen is pres- 
ent, there is a statistical variation in the number of electrons cap- 
tured. At 50 per cent geometry there is a variation in the positive -ion 
effect. As mentioned above (Sec. 4.2), if the straggling of a 5.0-cm 
(6.3 mev) a particle were 1.0 per cent (63 kev), then the total strag- 
gling is increased by the positive -ion effect to 1.2 per cent, that is 
“positive ion = ^ times of the pulses corresponding to 

a particular a peak are not all the same (e.g., at 50 per cent geome- 
try), the amplifier frequency response may be such as to cause slight 
variations in the amplification of the pulses. The last two effects are 
decreased by collimation since they arise from differences between 
pulses from vertically and horizontally emitted a particles. 

It was pointed out (Sec. 4.3) that the amplifier noise was not a seri- 
ous source of straggling since pulse -generator tests show On to be 
about 12 kev. 

Ionization straggling has not been investigated to any great extent. 
It is quite different from range straggling, which results from varia- 
tions in the number of collisions per unit path length as well as in the 
energy lost by the a per collision. Ionization straggling arises from 
variations in the energy required to form an ion pair. Because a 
majority of the ion pairs are actually formed by 6 rays (fast second- 
ary electrons knocked out by the a particle), there are more actual 
ionizing events than a collisions. The statistical variation in Uie 
number of ion pairs formed would then be eiqpected to be smaller 
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than the statistical variations in range straggling. In the simplest 
type of calculation, assuming a Gaussian distribution, the standard 
deviation (<7= a/V2 ) would be equal to the square root of the number 
cd total events (i.e., number of ion pairs formed). For polonium a 

Table 1 — Alpha Particle Straggling Parameterst Achieved in a Number of 
Total Ionization Systems 



Average straggling 



Type of 
charge 
collec - 


parameters, kev 


Type of 

Authors 

50% geometry 

Collimated 

Gas 

chamber 


tlon 

Bunemann, Cranshaw, 


30 to 35 

Argon 

Grid 

Electron 

and Harvey*' 







Schlntlmelster'*^ 

250 to 280 


Air 



Ion 

and Schlntlmeister 
and Rona*' 







Jentschke** 


137 

Air 

Parallel 


Ion 

Stetter" 


27 

H, 

plate 


Ion 



78 

Air 






86 

Argon 




Maeder** 

70 


Air 



Ion 

Brown and Curtiss*^ 


96 

Ng 

Thin rod 

Electron 





collec- 







trode 



Deutsch and Ramsey*' 

75 


2% 

Grid 

Electron 




CO 2 in 
argon 




Frisch** 


100 

N, 

Grid 

Electron 

Clark, Spencer -Palmer, 


60 to 75 

Argon 

Grid 

Electron 

and Woodward'* 







Fowler and Rosen** 

96 


Argon 

Grid 

Electron 

Parsons** 

50 to 55 


Argon 

Grid 

Electron 

Ghlorso, Jaffey, 

55 to 70 

45 to 70 

Argon 

Small 

Electron 

Robinson, and 




ball 



Weissbourd” 




collec - 







trode 



Jaifey and Connor** 

45 to 65 

45 to 65 

Argon 

Grid 

Electron 


tThese have been measured from the published curves and apply only to at particles. 
When more than one or two curves were published, the values representing the best 
results from each Instrument were chosen. 


particles (5.30 mev), since 186,200 ion pairs are formed in argon,** 
the standard deviation is 0.0023 per cent or 12.3 kev, and at = 17.4 
kev. The problem has been theoretically ana lyzed by Fano,*° who 
showed that the standard deviation was VFJo, where Jo is the total 
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number of ion pairs, and F is a factor^etween 0 and 1 but lies gener- 
ally between I'h and Vi. For F = 1, yfFJ^ is the standard deviation for 
the Poisson distribution (which for large Jo is representable by a 
Gaussian curve). Thus, according to Fano, the ionization straggling for 
polonium should be less than 17.4 kev; taking F = 0.5, a|= 12.3 kev. 

Of all the published papers on total-ionization measurements, the 
paper by Bunemann, Cranshaw, and Harvey^^ reports the achievement 
of the lowest total straggling parameter (Table 1). By the use of a 
pulse generator and by varying the chamber straggling through chang- 
ing the grid structure and voltage, they were able to evaluate On and 
etc . They found (by difference) that y^af + a* was about 20 kev. Since 
their sources were made by simply evaporating polonium solutions 
on backing plates and since 50 per cent geometry measurements 
showed a considerable low-energy tail, it is likely that their samples 
gave rise to a sizable amount of source straggling. It is quite pos- 
sible, then, that thinner samples might have given a closer check 
with Fano's results. 

If the lowest values for the various individual straggling param- 
eters are taken (ai = 12 kev, an = 12 kev, Oc = 3.1 kev,®^ a^ = 5 kev), 
then the best straggling parameter that could be expected with this 
type of instrument is about 18 kev. Although this is greater than 
that of the best magnetic spectrographs,* it is not much greater. In 
Chang’s*'” instrument, for example, a = 5.4 kev. Thus, if the total- 
ionization method can be pushed to its limit, its resolution can be 
made comparable to that of the best magnetic spectrographs. 

The present pulse analyzer has a larger straggling parameter than 
that found by Bunemann, Cranshaw, and Harvey (see Table 1). Since 
On was measured to be only 12 kev, since the total o has been found 
to be approximately independent of sample, and since Fano’s results 
indicate that a, is quite small, it seems apparent that most of the 
straggling must be due to Or . It is probable that this is also true of 
many of the other systems listed in Table 1. 

7. TECHNIQUES OF OPERATION 

7. 1 Counting Rates, Tolerable Beta Activity, and Gas Pressure . 
Because of the relatively low frequency response of the amplifier and 
the long time constants of the selector and recording circuits, it is 
not possible to use high counting rates. At 50 per cent geometry the 
counting rates are generally held to 500 to 1,000 counts per minute if 
all the activity is concentrated in one peak. If the activity is spread 
over three or four peaks, the counting rate can be as high as 2,500 
counts per minute. Even for a single peak, the counting rate may be 
Increased if the amplifier gain is high, so that the peak is spread 
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over many channels. U, for some reason, the sample submitted ex> 
ceeds these values, the effective counting rate is reduced by masking 
or collimating. The primary limitation on the counting rate is the 
slowness of the registers. Since the counts occur at random, the 
maximum counting rate per register must be kept considerably below 
the permissible rate for uniformly spaced pulses. However, when the 
peaks are spread over many channels so that the counting rates per 
register are reasonably low, the maximum counting rate is then 
limited by the amplifier frequency response, which determines the 
pulse shape and, in particular, the pulse width. If a pulse enters the 
amplifier before the decaying tail of the previous one has died away, 
the height of the new pulse is changed. If this kind of event occurs 
frequently enough, the pulse distribution is distorted, the peak widths 
are Increased, and the resolution is thereby decreased. This type of 
partial coincidence is minimized by limitations on the maximum 
counting rate. 

The resolution is also decreased due to peak widening when large 
numbers of ^ particles are emitted from the sample. Owing to the 
random fluctuation of /3 emission, the effect of the 0 pulses is to 
greatly increase the apparent noise level. Generally, more than a 
few hundred thousand counts per minute of /3 particles cause difficulty. 

The chamber can be used at 1 atm pressure provided the energy is 
not much greater than 5 mev. For higher energies greater pressures 
are often used in order to cut down the range and thereby reduce the 
positive -ion effect. The voltage is then correspondingly increased. 

7.2 Operating Region . Although the gain can be lowered enough 
so that the 46 channels cover the entire energy range of a emitters, 
the resolution becomes poorer because the channel width is then about 
equal to the peak width. Usually preliminary considerations and tests 
make it possible to eliminate large portions of the energy range be- 
fore a complete curve is determined, and the gain is set at the point 
necessary to apply the 48 channels to the region of interest. The bom- 
bardment and chemical histories of the samples very often serve to 
give a fairly good idea as to what nuclides may be present and in what 
relative concentration. For most samples the 48 channels are con- 
centrated in the 4.6- to 6.0-mev region. To ensure that no activity is 
missed in the range 4.0 to 4.6 mev, the prediscriminator bias is low- 
ered for a few minutes and the first few banks of registers checked. 
If no activity shows up, the bias is returned to its usual position, and 
the pulse analysis is made. The presence of a particles with energies 
greater than 6.0 mev is easily detected since these are registered by 
the forty-eighth channel. If it is desired to see a particular energy 
range in greater detail, the energy increment per channel may be 
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decreased by an increase In amplifier gain while the position is set 
by the prediscriminator bias control. 

7.3 Abundance Determination . The relative abundance of a activ- 
ity at the various peaks is determined simply by adding up the counts 
in the channels involved at each peak. The comparison made in this 
manner of the areas under each peak is more reliable than compari- 
son of peak heights because of the possible variation of straggling 
parameter from peak to peak. A larger straggling parameter drops 
the peak height even though the area remains the same. If two peaks 
overlap, the intermediate region must be appropriately divided by 
drawing the overlapping high- and low-energy tails to correspond to 
the shapes of the nonoverlapping high- and low-energy tails. Thus, 
for example, if the two overlapping peaks occur at 5.14 and 5.30 mev, 
the high-energy side of the 5.14-mev peak is drawn to be similar to 
the high-energy side of the 5.30-mev peak since this side is unper- 
turbed. In the same fashion, the low-energy sides are made similar. 
This procedure is based on the assumption that the effects of self- 
absorption, a back-scattering, and positive -ion effect are about the 
same for both peaks. The assumption is approximately true since the 
energies of two overlapping peaks are fairly close. However, because 
of this approximation, it is difficult to estimate areas in closely over- 
lapping peaks very accurately, especially when one nuclide is present 
in low concentration. 

In general the total number of counts found under the peaks is less 
than the counting rate determined in an a counter; for some samples 
it is as much as 10 per cent lower. This phenomenon is caused pri- 
marily by sample self -absorption and a back-scattering,^ both of 
which cause a reduction in the a energy. The effect occurs even in 
well-prepared thin samples, but it is more severe in thicker samples. 
The energy distribution of the degraded a particles stretches from 
the original energy to zero in a continuous fashion, the actual varia- 
tion depending upon the atomic weight of the backing material and 
upon the atomic weight and thickness of the sample material. (The 
back-scattering effect is greater on high -atomic -weight materials, 
e.g., Pt, than on light metals.) Thus both the fraction of degraded 
a particles and their energy distribution are functions of the backing 
material and of the sample thickness. Since these effects are approx- 
imately the same for various energies, the ratio of counts in the 
peaks gives a fairly close approximation to the relative concentra- 
tions of the a emitters. This may not be accurate if the energies are 
quite different since the degrading effects do vary somewhat with 
energy. Another source of difficulty is that some of the degraded 
a particles from the high-energy peak appear under the low-energy 
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peak and raise Its apparent concentration. This may be particularly 
serious If the low-energy peak Is present In low concentration. One 
way to evaluate this effect Is to prepare a pure standard sample of 
the high-energy nuclide, attempting to duplicate the method of sample 
preparation, and to measure the number of a particles at the position 
of the low-energy nuclide. 

Because of the energy degradation, ratios of activity can be more 
accurately determined at 50 per cent geometry than can absolute 
activities. For this reason. It is best to evaluate the absolute activity 
of a particular peak by first measuring the activity of that peak rela- 
tive to the activity of an internal standard and then counting the stand- 
ard In an a counter. 

Because of such problems as back-scattering, sample self -absorp- 
tion, overlapping of peaks, and variation in peak shapes with energy. 
It has not proved possible to make relative -activity determinations 
with high precision. The major usefulness of the analyzer has been 
In the following types of measurements: (1) establishing the presence 
or absence of a particular nuclide (already known), (2) establishing 
the existence of a new a -emitting nuclide, (3) determining the a en- 
ergies of newly discovered nuclides, and (4) making abundance meas- 
urements when highly precise quantitative values are not required. 

7.4 Collimation . It is possible to decrease the relative concentra- 
tion of degraded a particles by collimating the particles emitted from 
the sample. The method is effective since most of the back -scattered 
a particles emerge at small angles to the sample plate while self- 
absorption is also important only for a particles emitted at small 
angles. To cut out these a particles, the geometry of the collimator 
need not be very low since the degrading effects are concentrated in 
the small -angle region. As mentioned above, collimation also has the 
effect of decreasing the straggling of the pulse -height distribution by 
minimizing variations in the positive -ion effect and in the collection 
time of the electrons. Thus, even with well-prepared samples, the 
best resolution is not obtainable at 50 per cent geometry; it requires 
some collimation. When the sample is rather thick, the low-energy 
tail becomes so large that measurements are very difficult. Although 
in this case the accuracy and resolution cannot be made as good as 
that of a thin sample, they are Improved by collimation. 

As mentioned before, collimation is also used to cut the counting 
rate of the sample. Several different collimators are available to 
vary the fraction of a particles cut out. 

The collimators consist of brass disks having Vie-ln. holes in close 
packed array over the area of a circle about 2 in. in diameter. The 
area occupied by holes is about 68 per cent of the total area. The 
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thicknesses of the disks used are Vaa, Via, % Via, and Vi In., and 
the extent of colllmatlon Is described by the colllmation ratio: hole 
depth to hole diameter. Thus, the Via-ln. -thick disk Is called the 3 to 1 
collimator. In drilling the collimators, use was made of a hardened- 
steel Jig which had been carefully made with a milling machine. In 
making the thicker collimators, care had to be taken to keep the drill 



Table 2 — 

The Collimators 



Geometry t 

Over -all 

Energy lost 


per hole, 

geometry, 

in collimator 

Collimator 

% 

% 

hole,} mev 

V^to 1 

16.6 

11.3 

0.074 

1 to 1 

9.35 

6.39 

0.15 

2 to 1 

2.67 

1.96 

0.30 

3 to 1 

1.33 

0.909 

0.45 

4 to 1 

0.779 

0.532 

0.61 

6 to 1 

0.344 

0.235 

0.93 

6 to 1 

0.194 

0.133 

1.27 


tRelatlve to 50 per cent (2v) geometry. 
lEnergy lost by vertically emitted polonium a particles 
(assuming no ions generated in hole are collected). For the 
thin collimators, a particles emitted at an angle lose more 
energy. 


from wandering and making a nonvertical hole. The collimator disks 
were made with a supporting ring ( He in. thick) around the lower edge, 
which served to lift them above the samples. Table 2 shows the ge- 
ometry per hole for the various collimators, as well as the over -all 
geometry (which Includes the transparency). The geometry is given 
relative to 50 per cent geometry. It is evident from the table that 
even mild collimation causes a considerable decrease in counting 
rate. The activities required to give reasonable statistics and count- 
ing rates greater than background become correspondingly higher. 

If the concentration of one a emitter is a very small fraction (less 
than 0.1 per cent) of the total a activity, it is quite difficult to detect 
and measure it. At 50 per cent geometry it is possible to detect such 
activity when it is higher in energy than the other a particles; if it is 
lower in energy, detection becomes impossible because of the low- 
energy tail of the high-concentration peak. Even with colllmation, 
detection of low-energy a particles present in low concentration is 
difficult because of the presence of a small but definite tail on the 
peak. This tail is possibly caused by energy degradation resulting 
from scattering off the collimator. Improved results may be attained 
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by determining the low-energy background with a pure sample of the 
high-energy peak. When the low -concentration activity is of higher 
energy than the main peak, either the 50 per cent geometry or colli- 
matlon methods may be used. The sample must be counted for a long 
time in order to accumulate a statistically significant number of 
counts. This Is feasible only if the counter background is very low, 
at least as low as the activity to be measured. Long counting times 
may also give rise to errors if there is any tendency of the chamber 
and circuit characteristics to drift. 

7.5 Mica -low -geometry Method . Because the total counting rate 
that is used is limited, it is not feasible with either the 50 per cent 
or ordinary collimation method to increase the absolute counting rate 
of the low -concentration activity by enlarging the total sample activ- 
ity. However, if it were possible to prevent the large numbers of a 
particles from the low-energy peak from entering the ion chamber, 
the sample size could be increased. This may be done by collimating 
the sample and using a mica absorber thick enough to absorb all or 
almost all the low-energy a particles, but thin enough to allow the 
higher -energy a particles to get through. The residual range may be 
quite small, however, in which case a high amplifier gain must be 
used. Because a major portion of the range is absorbed in the mica, 
care must be taken to avoid excessive angle straggling, i.e., signifi- 
cant deviations in path length through the mica. For example, the 
ratio of maximum to minimum path lengths in the mica is 1.41 for the 
1-to-l collimator, 1.12 for the 2-to-l collimator, 1.05 for the 3-to-l 
collimator, and 1.03 for the 4-to-l collimator. The average deviation 
is, of course, smaller. Excessive angle straggling tends to spread 
the peaks, in which case the small one may not be observable. 

If the high-energy peak is quite close to the main peak, the highest 
resolution is necessary, requiring at least a 4-to-l or a 6-to-l colli- 
mator. The actual resolution required depends upon the relative 
amounts of the main activity and the trace activity as well as upon 
the energy separation. If the concentration of the high-energy activity 
is very low, the high-energy straggling of the main peak may tend to 
hide the small peak unless the resolution is very good. On the other 
hand, if the concentration of the high-energy peak is not too low, the 
high-energy straggling of the other peak is of less importance. The 
effect of the high-energy straggling of the main peak is also decreased 
if the peaks are fairly well separated. This is illustrated in Fig. 9. 

If the resolving power is measured by the peak width, then the 
resolution of the mica -collimation method is generally somewhat 
poorer than that of the 50 per cent geometry or ordinary collimation 
methods. This is due to the increased straggling arising from the 
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Fig. Q — Growth of Cm*“ from Am“* sample. Small chamber; 6 -I 0 -I collimator. 
Mica and air absorption equivalent to 4.31 mg/sq cm of air. Flowing nitrogen. Time 
since mld*point of neutron bombardment Is given. 
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variation In path length through the mica (angle straggling) and to the 
fact that straggling in range is greater than straggling in the ioniza- 
tion yield. On the other hand, the mica method increase's the stability 
since most of the a range Is cut off, and variations In the chamber 
and circuits affect only the small residual ionization. The low count- 
ing rates resulting from the high degree of colllmation can be par- 
tially compensated by long counting times; and because of the in- 
creased stability involved in the mica method, instrumental drifts do 
not cause much difficulty even over quite long counting periods. 

However, to get significant results even with long counting times, a 
very low background is necessary. For the large chamber in Fig. 3, 
this is difficult to -achieve under the best conditions because of the 
large surface area. Because most of the range is lost in the mica, 
the resulting pulses are small, and these are about the same size as 
pulses due to natural a emitters contained in the chamber walls. A 
smaller chamber, a modified form of an atmospheric parallel -plate 
a counter,’ serves as a low background chamber. The bottom elec- 
trode Is lowered to admit the collimator and mica absorber and to 
allow a few centimeters of argon between the collectrode and mica 
absorber. The electrode areas are quite small, making a total back- 
ground of less than 0.5 count per minute possible. Despite the large 
collectrode, the variation in positive -ion effect is not important, be- 
cause the range of the a particles beyond the mica is usually rather 
small. 

The mica absorbers were made by splitting thick mica sheets to 
approximately the correct thickness and measuring their thickness 
by weighing and area determination. By selection, it was possible to 
build up a series of absorbers ranging from about 1.6 to 8.0 mg/ sq cm 
in steps of 0.1 to 0.05 mg/sq cm. These were mounted on thin metal 
supporting rings about 2 in. in diameter. 

7.6 Energy Calibration of Analyzer. Calibration of pulse height 
vs. energy is carried out by the use of standard samples containing 
a emitters of known energy. If the output pulse height vs. energy 
relation could be assumed to be linear and if the amplifier gain and 
cutoff bias were accurately known, only one a energy would be nec- 
essary to establish the relation. Actually, with our Instrument, the 
curve showing relation between pulse height and energy has a small 
curvature, which is due to such things as the positive -ion effect and 
the nonlinearity of the high-level stages in the amplifier. Hence, at 
least two a energies in the region of Interest are necessary to fix the 
scale. Because the Instrument drifts in calibration, it is checked with 
standards rather frequently. 
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The standard samples are mounted on thick Stellite disks, cut Into 
quadrants ol a circle, and optically polished to a mirror finish. The 
activities are electroplated on these quadrants. By combining the 
quadrants, a number of combinations of a energies may be made. In 


Table 3 — Standard Alpha Energy Samples 


Standard 

Nuclides 

Energy, mev 

C/m, 50% geometry 

4 -peak standard 

Pu«®, Pu"®, 
pu**® 

4.823, 5.14, 
5.50, 5.75 

One with 500 c/m per peak; one 
with 6,000 c/m per peak' 

MsTh standard 
(and daughters) 

RdTh, ThX, Tn, 
ThA, The, The' 

5.42, 5.33, 
5.68, 6.28, 
6.77, 6.05, 
and 8.78 

Total of 1,600 counts (equilib- 
rium concentrations) 


Io“» 

4.66 

One with 500 c/m, one with 7,700 
c/m 


and 

4.76 and 4.40 

1,000 c/m 


Np^” 

4.73 

5,600 c/m 



5.01 (87%) 
4.74 (13%) 

1,960 c/m and 6,500 c/m 


Pu»® 

5.14 

One each with 500 c/m, 5,000 
c/m, 50,000 c/m, and 300,000 
c/m 


Po?^" 

5.30 

300 c/m, 5,000 c/m, 7,400 c/m 



5.31 

1,200 c/m and 2,400 c/m 


Pu»” 

5.50 

600 c/m and 6,600 c/m 


and Cm”® 

5.46 and 6.10 

One each with total counts 11,000 
and 670 

RaJlum standard 

Ra”", Rn, RaA, 

4.79, 5.49, 

Total of 3,800 c/m (equilibrium 


RaC' 6.00, and concentrations) 

7.68 


Table 3 is a list of the more commonly used standards. Of course for 
particular experiments special standards of pure nuclides are often 
prepared. 

The four -peak sample is the most popular standard. It serves to 
provide a rapid energy pulse -height calibration in the region of great- 
est Interest. It also provides a very rapid check on the instrument’s 
resolution because high resolution gives rise to very deep valleys 
which almost go down to zero, and these can be seen just by watching 
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the registers. For higher energies the RdTh or the Ra series are 
usually used. 

To make an accurate energy determination, it is necessary to use 
an internal standard (i.e., a standard sample placed in the chamber 
with the unknown sample) to avoid the possibility of drift. One method 
involves the use of one Internal energy standard and the energy in- 
crement per channel previously evaluated with the four -peak stand- 
ard. In another method, a high-energy and a low-energy standard are 
used to bracket the unknown. The a energies of the new nuclides 
which have been determined with the pulse analyzer have been meas- 
ured by these methods. With the instrument we are using, the accu- 
racy has been generally found to be no better than 0.01 to 0.02 mev. 

A quick method of identifying an unknown peak that is suspected of 
being a well-known nuclide is to put in a standard sample containing 
that nuclide. Perfect superposition serves as identification provided 
the history of the sample eliminates the possibility of other nuclides 
with energies very close. 

Calibrations made at 50 per cent geometry do not apply when the 
collimators are used because part of the range is absorbed in the 
collimator holes. The order of magnitude of this loss is shown in 
Table 2. Each collimator requires its own calibration, and great care 
must be taken to make the distances of the sample and standard from 
the collimator bottom identical. 

7.7 Backgrounds . Because of the large surface area of the cham- 
ber, the natural a background (due to the traces of uranium and tho- 
rium series normally found in metals) gives rise to a minimum of 
about 5 counts per minute. These counts are spread over a wide en- 
ergy range, so that the number of counts per channel is considerably 
less than 1 count per minute. The background counting rate per chan- 
nel determines the detectability of low concentrations of activity. To 
keep the sample support from becoming contaminated, the sample 
plate is placed on an aluminum disk. This is a thin punched disk, 
which is discarded after each measurement. Even with this disk, 
after some use with a number of samples, the chamber inevitably 
becomes contaminated. When the background becomes too high for 
use, the chamber is cleaned, first by washing with organic solvents 
and then by polishing with No. 1 polishing paper. As a final cleanup, 
the chamber is mounted in a lathe, and strips of polishing paper are 
used in a manner designed to prevent recontamination of cleaned 
areas. Each strip is used slightly and then discarded. By this method 
the background is reduced, although never as low as that of a new 
chamber. The background is generally less than 0.1 count per minute 
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per channel,t except in the region 5.1 to 5.5 mev(many of the samples 
occur in this range) where the background may be 0.2 to 0.3 count 
per minute. The operating background, after some use, may run as 
high as 0.5 to 1.0 count per minute per channel; above this level the 
chamber is cleaned. Contamination of the collimator occurs rather 
easily because the bottom part of the collimator is brought quite 
close to the sample in order to minimize the gas absorption. The 
cleaning process is the same as that used on the chamber, except 
that greater care must be taken to avoid transferring activity into the 
collimator holes. 


8. USEFUL TABLES 

As an aid in interpreting the pulse -analyzer curves, especially in 
Identifying unknown activities, it has proved useful to have several 
tables readily available. In Table 4 is a list of many of the a emitters 
in the heavy region, placed according to energy. This makes possible 
a ready determination of which nuclides have energies close to the 
observed one. Table 5, which gives the members of each of the known 
disintegration chains, makes it easy to see which peaks are likely to 
occur together due to radioactive equilibrium. Table 6, which gives 
the a emitting nuclides of each element, makes it easy to see which 
peaks will occur together throughout a series of chemical operations. 
Most of the energies have been taken from Seaborg’s table.** 


9. TYPICAL EXPERIMENTS PERFORMED WITH THE PULSE ANALYZER 

9.1 Detection”^ of Minute Amounts of Cm^^^ in the Presence of 
Large Amounts of Am^ *^. In this experiment an attempt was made, 
first, to show that Cm®“ could be prepared”’*® by Am**Vn,>')Am*“-2^ 
Cnf'** and, second, to measure the cross section of the reaction. 
The method used was to bombard an americium sample in a reactor 
and then to measure the growth of Cm®“ from the Am**® /3 decay. 
Since the activity of the Cm**® was far less than that of the Am**‘, 
this measurement was most conveniently made by cutting out the 
americium activity by the use of mica. The problem was simplified 
by the fairly large energy separation (Cm***, 6.10 mev, andAm**‘, 
5.46 mev). The 6 to 1 collimator was used (0.24 per cent of 50 per 
cent geometry). With a mica absorber most of the Am*** a particles 


tWlth the 48 channels spread over the region 4.6 to 6.0 mev. 
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were cut out, while the Cn^ a particles came through (tested with 
a Cm*** standard). Since the activity was 3.43 x 10* disinte- 

grations per minute, the americium activity passing through the 
collimator holes was 4,030 counts per minute. The total background 
at the Cm*** position was about 0,18 count per minute, so that con- 
centrations of Cm*** as low as 25 parts in 10* (by activity) could be 


Table 4 — Alpha Emitters Arranged According to Energy 


NucUde 

E(a) 

Th“ 

3.96 

UBI 

4,160 

ytM 

4.306 

lo— 

4.66 

Np*" 

4.73 

Pa“‘ 

4.736 (13%) 

U“ 

4.763 

Ra" 

4.701 

U*" 

4.825 

Tli“ 

4.85 (-70%) 

Ttf" 

4.04 (-20%) 

Ac" 

4.08 (1%) 

Pi“‘ 

5.012 (87%) 

Tli“ 

5.02 (-10%) 

Po" 

5.1 

Pu** 

5.1 

Pu*** 

5.14 

Po** 

5.14 

Po*“ 

5.2 

Po*" 

5.300 

ipi 

5.31 


Nuclide 

E{a) 

RdTh*“ 

5.333 (17%) 

RdTh*" 

5.418 (83%) 

RaC“* 

5.444 (0.022%) 

Rii“> 

5.486 

Am»*^ 

5.46 

Pu?*" 

5.50 

RaC"« 

5.505 (0.018%) 

AcX"“ 

5.606 (36%) 

Pa”" 

5.66 

ThX">" 

5.681 

AcX 

5.717 (55%) 

RdAc«" 

5.717 (15%) 

Pu”" 

5.75 

RdAc*” 

5.764 

Ac”" 

5.80 

U"” 

5.65 

At"“ 

5.94 

RdAc”’ 

5.088 (25%) 

RaA»« 

5.908 

Bl"» 

6.0, 5.86 

ThC*“ 

6.042 (24%) 

RdAc" 

6.040 (20%) 


Nuclide 

E(a) 

Fr"« (?) 

6.05 (25%) 

ThC"« 

6.081 (9%) 

Cm”" 

6.10 

Pu""* 

6.2 

AcC"“ 

6.273 (16%) 

Tnno 

6.282 

Fr”^ 

6.30 (75% ?) 

Th”" 

6.30 

Cm"" 

6.3 

Ra”* 

6.51 

AcC»“ 

6.619 

At*"" 

6.63 

ThA""" 

6.774 

An""" 

6.824 

At"" 

7.02 

Em""" 

7.12 

AcA""" 

7.365 

AcC'*‘‘ 

7.434 

At""* 

7.64 

RaC'""" 

7.68 

Po""" 

8.336 

At""* 

8.4 

ThC'""" 

6.776 


barely detected. Figure 9 shows the growth of the Cm*** activity 
following the neutron bombardment. 

9.2 Detection of Small Concentrations of Pu*” in the Presence of 
Pu*** . This determination arose In a measurement of the half life of 
Pu*** by direct decay measurements.** The Pu*** was formed in the 
bombardment of normal uranium by the reaction (see references 70 
and 71)U**'(d,2n)Np***-^Pu***. Samples containing some solid carrier 
were counted in a parallel-plate ionization. chamber and were followed 
for almost three years. It was not until near the end of this time that 
It was found that the Pu*** sample probably contained Pu*** as well,** 
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Table 5 — Heavy Elenenta Arranged by RadloacUve Berles 



4n series 

B(a) and 

z 

Nuclide 

Th 

branching ratio 

B4 

PuMo 

' 6,000 yr 

5.1 

o 

Th*“ 

1.39 X 10*" yr 

3.BB 

BB 

MiThr 

Mprrif* 

0.7 yr 

0- 

0B 

6.13 hr 

4.5 (•0.01»r 

90 

RdTh*" 

1.90 yr 

5.418 (83%) 

5.333 (17%) 

BB 

ThX“* 

3.64 days 

5.601 

BB 

Th*« 

54.5 sec 

6.202 

B4 

TliA*« 

0.150 sec" 

6.774 

82 

ThB*“ 

lO.Bhr 

0' 


ThC*“ 

60.5 min 

6.081 (9%) 

8.042 (24%) 

(J- (88.3%) 

04 

ThC'*“ 

2.6 X 10'* sec 

0.776 (66.3%) 

01 

The**" 

3.1 min 

0’ (33.7%) 

02 


Stable'* 


BO 

Cm*" 

29 days 

6.3 

94 

Pu«" 

2.7 yr 

5.75 

92 

Ijaal 

70 yr 

5.31 

90 

RdTb"" 

1.90 yr 

5.410 (03%) 

5.333 (17%) 


etc. as above (descendants of RdTh) 


(4n4l) series 

E(a) and 

Z 

Nuclide 

’'h 

branching ratio 

95 

Am"' 

40B yr 

5.46 

93 

Np"” 

2.20 X 10* yr 

4.73 

91 

Pa*“ 

27.4 days 

0 ' 

92 


1.82 K 10* yr 

4.625 

90 

Th"" 

7,000 yr 

4.85 (-70%) 

4.94 (-20%) 

5.02 (-10%) 

BB 

Ra"“ 

14. B days 

0 - 

BB 

Ac"* 

lO.Q days 

5.00 

87 

Fr»» 

4.0 min 

8.30 (75% 7) 

8.05 (7) (25 % 7) 

B5 

Ae» 

0.010 sec 

7.02 

B3 

Bi*»* 

47 min 

0.0 (4%), or 

5.06 (2%) 

0- (96%) 

B4 

PoF« 

3 X 10-*sec 

6.336(96%) or (96%) 

01 

Tl*" 

1 hr 

0- (4%) or (2%) 

B2 


3.32 hr 

0' 

03 

Bl*" 

Stable 


91 

Pa- 

1.5 days 

5.66 

89 

Ac"* 

10.0 days 

5.00 


etc. aa above (descendants of Ac"*) 



(4n-f2) series 

E(a) and 

Z 

Nuclide 


branching ratio 

92 

ir 

4.496 X 10* yr 

4.160 

90 

ux!** 

24.3 days 


91 

uxj" 

1.14 min 

99.05% 

0.15% r.T. 



(4n -¥ 2) aeries (Cont) 

E(a) and 

Z 

Nuclide 


branching ratio 

91 

UZ*" 

6.7 hr 

0' 

92 

uff- 

2.36 X 10* yr 

4.703 

90 

Io»" 

B.0 X 10* yr 

4.66 

BB 

Ra*** 

1,622 yr 

4.791 

00 

Rn™ 

3.025 days 

3.480 

04 

RaA*“ 

3.05 min 

5.996 

02 

HaBF« 

26.0 min 


03 

RaC*" 

19.7 mtn 

0’ 

04 

RaC'*»* 

1.5x10-* sec 

7.680 

02 

RaD*»» 

22 yr 

0' 

63 

RaE*'® 

5.0 days 

0- 

64 

Polio 

140 days 

5.300 

02 

Pb*“ 

SUble 


90 

Cm*" 

150 days 

6.1 

94 

Pu"* 

1 92 yr 

5.50 

92 

U“ 

2.35xitfyr 

4.763 


etc. as above (descendants of U"*) 

96 

Pu*** 

0.5 hr 

8.2 (1%) 

88% K 

94 

Np^ 

4.44 days 

K 

92 

U“‘ 

2.35 X 10* yr 

4.763 


etc. as above (descendants of If**) 

92 

If" 

20.6 days 

5.85 

90 

TIP* 

30.9 min 

6.30 

BB 

Ra**» 

36 sec 

6.51 

06 

Em**" 

0.019 sec 

7.12 

64 

RaC'*** 

1.5 X 10-* sec 

7.680 


etc. as above (descendants of RaC') 



(4n<*-3) series 

E(a) and 

Z 

Nuclide 


branching ratio 

94 

Pu*** 

2.44 X 10* yr 

5.15 

92 

AcU"* 

6.91 X 10* yr 

4.396 

90 

Uy«3i 

24.3 hr 

0- 

91 

Pa*»* 

3.45 X 10* hr 

8.012 (87%) 
4.728 (12%) 

69 

Ac*" 

13.5 hr 

4.8B (1%) 
f- (88%) 

87 

AcK*" 

21 min 

fi- (1%) 

90 

RdAc*" 

10.9 days 

6.049 (20%) 
5.9BB (25%) 
5.764 (20%) 
5.717 (10%) 

BB 

Ac3C*" 

11.2 days 

5.717 (55%) 
5.000 (36%) 

86 

An*** 

3.92 sec 

6.824 (82%) 

84 

ACA*** 

1.83 X 10-* sec 

7.365 

02 

AcB*** 

36.1 min 

0‘ 

83 

AcC*** 

2.16 min 

0.619 (04%) 

6.273 (10%) 
0.32% fS- 

84 

A?C?'““ 

5 X 10"* sec 

7.434 (0.32%) 

81 

AcC"*" 

4.76 min 

0- 

02 

Pb*" 

Stable 
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probably formed by the reaction U”“(d,n)Np?*"-^Pi^”. The relatively 
short half life (2.7 years”) of the a -emitting Pu”* caused it to Inter- 
fere seriously with the decay measurement, although it was present 
In low concentration. The measurement was salvaged by deter minin g 
the Pu”* concentration with the pulse analyzer. Because of the large 


Table 6 — Alpha Emitters Arranged by Element 


z 

Nuclide 

Tw 

E(r]r) and 
branching ratio 

Z 

Nuclide 

Th 

E(ar) and 
branching ratio 

83 

RaB"" 

5.0 days 

4.6 

80 

Ac”" 

10.0 days 

5.80 




(10-< - 10-« %) 


Ac"” 

13.5 yr 

4.98 (1%) 


AcC«‘ 

2.16 min 

6.616 (84%) 


MsTh*” 

6.13 hr 

4.5 (0.01% ?) 




6.273 (16%) 

90 

Th"” 

30.9 min 

6.30 


ThC*" 

60.5 min 

6.081 (9%) 


RdAc*” 

18.0 days 

6.049 (20%) 




6.042 (24%) 




5.988 (25%,) 



47 min 

8.05 (4%) 




5,764 (20%) 


RaC*” 

10.7 min 

5.505 (0.018%) 




5.717 (15%) 




5.444 (0.022%) 


RdTh*” 

1.90 yr 

5.418 (83%) 

84 

Po“ 

0 days 

5.2 (10%) 




5.333 (17%) 


po«n 

5.7 hr 

5.1 (0.01%) 


Th"" 

7,000 yr 

4.B5 (-70%) 


Po“« 

3 yr 

5.14 




4.94 (-20%) 


pozio 

140 days 

5.300 




5.02 (-10%) 


AcC'*‘" 

5 X 10“* sec 

7.434 


lo»« 

B.O X 10" yr 

4.66 


Thc^ait 

2.6 X 10~" sec 

8.776 


Th«" 

1.39 X l0“’yr 

3.98 


Po*” 

3 X lO"® sec 

8.336 

91 

Pa”“ 

1.5 days 

5.86 


RaC'*‘^ 

1.5 X 10*« sec 

7.680 


Pa*»* 

3.45 X 10" yr 

5.012 (87%) 


ACA-*" 

1.83 X 10-* sec 

7.365 




4.736 (13%) 


ThA»*" 

0.158 sec 

6.774 

02 

u"” 

20.6 days 

5.85 


RaA>« 

3.05 min 

5.998 


u”* 

70 yr 

5.31 

85 

Al*“ 

7.5 hr 

5.94 (40%) 


u*"* 

1.62 X 10" yr 

4.B25 


At“* 

Short 

8.4 


■ Tue 

2.35 X 10" yr 

4.763 


Al>“ 

54 sec 

7.64 


ACU”" 

8.91 X 10" yr 

4.306 


At*” 

0.018 sec 

7.02 


U?” 

4.498 X 10" yr 

4.180 


At*" 

Several sec ? 

6.63 

03 

Np”’ 

2.20 X 10" yr 

4.73 

86 

Em*‘“ 

0.019 sec 

7.12 

04 

Pu"" 

8.5 hr 

6.2 


An**" 

3.92 sec 

6.824 (82%.) 


Pu«« 

2.7 yr 

5.75 


Tn**" 

54.5 sec 

6.282 


Pu*” 

02 yr 

5.50 


Rn*** 

3.825 days 

5.486 


Pu”" 

2.44 X 10" yr 

5.14 

87 

Fi^"* 

4.8 min 

6.30 (75% ?) 


Pu««» 

-6,000 yr 

5.1 




6.05 (?) (25% ?) 


Pu»"' 

-10 yr 

(-0.002%) 

88 

R^* 

38 sec 

6.51 

05 

Am“» 

408 yr 

5.46 


AcX"** 

11.2 days 

5.717 (55%,) 

06 

1 

E 

u 

29 days 

6.3 




5,606 (36%) 


Cm"" 

150 days 

6.10 


ThX"** 

3.64 days 

5.661 






Ra«" 

1.622 yr 

4.791 






low-energy tail due to sample thickness, this determination was made 
feasible only because the Pu”* energy (5.75 mev) was greater than 
the Pu”‘ energy (5.50 mev). Figure 10 shows a typical pulse -analysis 
curve. The analysis had to be made at 50 per cent geometry, because 
the total activity of the sample was only 750 counts per minute. Since 
it was not possible to eliminate the low-energy tails by colllmatlon, 
the relative concentrations were determined by adding up the counts 
in the six or seven channels in the neighborhood of each peak, on the 
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assumption that the low-energy tails of both peaks were similar In 
shape. The results of a number of runs gave a to Pu"” activity 
ratio of 0.0045 ±0.0007 (probable error), which resulted In a Pu”* 
half-life measurement of 89 ±9 years (most of the error arises from 
the uncertainty In the PiP’” concentration) . This value agreed with the 
more accurate value 92 ± 2 years determined by another method.” 



Fig. 10 — Pulse analysis of Pu>>> sample. 


9.3 Alpha Energies in the (4n+l) Series .” These energies are 
listed in Table 5. They were measured by reference to a standards 
of known energy. Figure 11 illustrates a typical pulse analysis in 
which the energy of the main peak of Th^^* was measured by bracket- 
ing it with the standards lo (Th”“), Po®“, and RdTh (Th***). Although 
this particular curve resulted in the value 4.86 mev, the average of 
seven such curves was 4.85±0.0lt mev.”* The energies of the other 
Th?** peaks were determined (Fig. 12) using as standards the 4.85- 
mev main peak and the RdTh?** peaks. The average of twelve curves 
gave** 4.94±0.0lt mev and 5.02±0.0lt mev. The sample also showed 


t Average deviation. 
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a small peak at 4.66 mev, which was not evident In later samples and 
may have been due to some lo^’" contamination. Since lo is isotopic 
with Th”' and RdTh, it would not have separated during the chemical 
purification. Figure 13 shows some of the other members of the 
series. The 6.05 -mev peak has been assigned to Fr”^ on the basis of 



Fig. 11 — Pulse analysis of sample 09-22 (RdTiiP** Th”' and descendants) plus lo^ 
and Po"" standards. 


abundance considerations. The energies corresponding to the peaks in 
Fig. 13 were measured relative to a MsTh series standard containing 
RdTh and daughters. The energies in Table 5 have been taken from 
these values and those measured at the Canadian laboratories.''*’^* 
6.4 Measurement of Decay . Pa™ . The pulse analyzer has proved 
to be quite useful in the determination of the half life of a particular 
nuclide when it is present with a number of other growing and decay- 
ing a activities. Although a gross -decay curve would be almost worth- 
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Fig. 13 — Pulse analysis of members of (4n<fl) series, sample 95-E (thick carrier). 
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less In such a case, the decay In the activity of a particular peak can- 
be determined with reasonable accuracy. Such a determination was 
made’'^’'” of the half life of Pa”^. This nuclide was prepared by deu- 
teron bombardment of an lo (Th”°) sample which contained about five 
times as much Th‘^‘ as lo. The products of this bombardment included 
all the protactinium isotopes which could be formed from Th”^ and lo 
by (d,xn) reactions and by (d,p) reactions followed by 0 decay. With 
the 20-mev deuterons used, reactions up to (d,4n) occurred. Thus 
Pa“*, Pa“*, Pa*®*, and Pa*®® were formed’*’®® as well as Pa***. 

Immediately after the separation of the protactinium fraction from 
the bombardment mixture, the only significant a activity in the frac- 
tion was caused by Pa**® since Pa*®® and Pa*®* are 0 emitters, and the 
Pa*®* activity was too low for observation owing to its long half life. 
However, on decaying, the 0 -active Pa isotopes gave rise to o -active 
descendants. The most serious difficulty was due to the formation 
of U*®®, which immediately gave rise to the entire U*®® series®®’®* 
(Table 5). In addition, the decay of Pa*** resulted in the formation of 
a ten-day member of the (4n+l) series, i.e., Ac**® (see Table 5), so 
members of this series soon began to appear as well. Figures 14 
a to d show the decay of the Pa*** peak. Owing to the presence of 
overlapping peaks, the high-energy side of the Pa*** peak had to be 
constructed. This procedure gave rise to an error which became 
more serious as time pdssed and the interfering peaks grew rela- 
tively larger. The arrows indicate the channels whose counts were 
added to give the Pa*** activity. The half life was determined to be 
l.SOdays.’® A number of energy measurements gave 5.66 ±0.02 mev.™ 

9.5 Determination of Abundances by Means of an Internal Stancbrd . 
RdAc* *’r In the actinium decay series, the half life of RdAc (Th*") is 
difficult to determine because its descendant AcX (Ra**®) has a com- 
parable half life (Table 5). Previous half-life measurements had 
been made by evaluating the constants which would best fit the curves 
which represented the gross growth and decay of the total a activity. 

The method by which the Pa**® decay was followed (Sec. 9.4), in- 
volving the measurement of the decay of a single peak, ■ could not be 
easily used here because the daughter activity (AcX) overlaps the 
RdAc in Of energy. 

The method actually used®* involved the periodic radiochemical 
isolation of RdAc from a solution containing a decaying sample, and 
the measurement of this RdAc (TtiF*) activity with the pulse analyzer. 
To make automatic corrections for chemical losses in separation and 
purification, an Internal standard (lo, i.e., Thi*®®) was added to the 
decaying sample. Thus, to get the RdAc decay curve, it was only nec- 
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Fig. 15 — Pulse analysis of sample 2201 of Io“® and RdAc*” mixture. 
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essary to measure the ratio of RdAc to lo activity in each isolated 
thorium sample. Figure 15 shows one of the curves used in this de- 
termination. 

Although Table 4 lists four energies for RdAc (measured by the 
magnetic spectrograph), only two peaks are evident in Fig. 15. On the 



Fig. 16 — Construction of RdAc"' pulse -analyzer peaks using peak shape (Fig. 15) 
as guide. 

assumption that the straggling of the RdAc peaks was the same as 
that of the lo peak, Fig. 16 was constructed. The energies and rela- 
tive abundances measured with the magnetic spectrograph were used 
to construct four individual peaks with the same shape as that of the 
lo peak (Fig. 15). Adding up the points of the four peaks, it can be 
seen that two peaks result which match quite well with the ones in 
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Fig. 17 — Pulse analysis of Ac®^ sample (plus descendants) and Po*^® standard. 





PULSE ANALYZER FOR ALPHA-ENERGY MEASUREMENTS t2S7 

Fig. 15. The RdAc peaks in Fig. 15 are drawn on an enlarged scale to 
make the likeness more evident. The constructed RdAc peaks (Fig. 16) 
seem to have better resolution than the actual peaks (Fig. 15) since 
the valley between the two peaks Is deeper in Fig. 16. This discrep- 
ancy Indicates that the straggling of the RdAc a particles is not the 
same as that of the lo a particles, as was assumed, but that it is 
actually larger. 

9.6 Energy of Ac^^*' . In an experiment in which the a branching of 
Ac^rr determined,” the Ac a energy was also measured by the 
use of the standards Po^^° and the daughter of the Ac^^'' 0 decay RdAc 
(Th”''). Figure 17 shows the results of the measurement. Extensive 
sample straggling is quite evident in this figure, and is due to the 
use of a carrier -containing sample at 50 per cent geometry. 

9.7 Tracing Chemical Separations . Np”^ and Pu”* . In working 
with the O' -emitting heavy nuclides (e.g., Pu”®), it is convenient to 
test the efficiency of particular chemical separation procedures by 
following the gross a activity. When two or more a emitters are 
being separated, measurement of the gross a activity cannot be used, 
and the pulse analyzer is used to follow the separation. 

Figures 18a to d show the concentration”*” of Np*” from consider- 
ably larger amounts (by activity) of Pu”*. Figure 18a shows the peak 
separation when a sample of starting material is collimated, while 
Fig. 18b shows a sample of another batch of starting material meas- 
ured at 50 per cent geometry. Measurement of the activity of the low 
concentration Np^” is evidently easier with a collimated sample than 
at 50 per cent geometry. Low concentrations of a higher -energy 
constituent can be measured with or without collimation (Fig. I8d). 

9.8 Products of Alpha Bombardment of Uranium Isotopes . The 
nuclides formed by high energy (approximately 40 mev) helium-ion 
bombardment of a mixture of U*’® and U®’® include’® the a emitters 
Pu®®®, Pu®®®, and Pu*®®. These are formed by (a,xn) reactions on 
both U®*® and U®®® (x varies from 1 to 6). Since these nuclides are 
Isotopic, identification and measurements of concentration could be 
carried out most conveniently by an instrument like the pulse ana- 
lyzer. The results of bombarding a sample enriched in U®®®, but con- 
taining a considerable amount of U®®®, are shown in Fig. 19. 

9.9 The Protactinium Series ■®° Pa*®® is formed in the deuteron 

bombardment of Th®®® by the reaction®® Th®®®(d,4n), in the bombard- 
ment of lo (Th®®®) by the reaction” Th*®®(d,2n), and in the bombard- 
ment of Pa®®® by the reaction®* Pa®®*(d,p2n). U®®® is formed by the 
0 decay of Pa®®“, and in a series of a -decay steps Th*®®, Ra*®*, Em**®, 
and RaC'(Po*^®) are formed. Since all the a emitters but U*®® are 
short lived, a sample of U®®° soon has all five of the a particles in 
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Fig. IBa Pulse analysis of starting material for Fig. 18b — Pulse analysis of starting material for 

Np-Pu separation. Np-Pu separation. 
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Fig. lec — Pulse analysis of Intermediate-stage Fig. IBd — Pulse analysis of final stage material In 

material in Np-Pu separation. Np-Pu separation. 
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Fig. 19 — Pulse analysis of sample 25AD-(4) (Pu fraction from enriched uranium tar 
get bombarded with He ions), 4 x 10* disintegrations per minute. 





'•WlOi 





1292 


THE TRANSURANIUM ELEMENTS 


equilibrium. The sample (and daughters In equilibrium) shown In 
Fig. 20 was separated from Pa”" formed In the deuteron bombard- 
ment of Pa“*. The energy of was measured relative to the ener- 
gies of Pa”‘ and U”* (also formed in the Pa”* bombardment), and 



Fig. 21 — Pulse analysis of standard and lo”** standard. 


also by the use of a RdTh (and daughters) internal standard. It was 
found” to be 5.85 ±0.01 mev.t Since the a particle with highest en- 
ergy comes from RaC', the energy of which (7.68 mev) has been 
accurately measured with the magnetic spectrograph, it was used as 
an internal standard. The energies of Th”*, Ra*”, and Em**" were 
determined using U’” and RaC ' as standards; the energies of the 
Ra”' and Em*” a particles were also measured using RdTh (and 
daughters) as an internal standard. The energies determined” were 


tAverage deviation of nine determinations. 
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Fig. 25— Pulse analysis of RdTh and daugMers. 


1902 THE TRANSUlUraini ELBIIENTS 

Th“, 6.3010.02, mev;t Ha®*, 6.51 + 0.03 inev;t Em»“, 7.12±0.02 b 
mev.t The assignment of these pealcs to the particular nuclides was 
based upon the Geiger -Nuttall law. 

The relatively large average straggling parameter (85 kev) is due 
partly to the range straggling (and hence straggling in the residual 
ionization) introduced by the mica and partly to the relatively low 
colUmatlon (3 to 1) which allows angle straggling (variation in mica 
absorption with angle of emission) to occur. 

9.10 Some Standard Samples. An lo (Th®°) and a Po^^” standard 
are shown in Fig. 21. Although the straggling parameters for the two 
peaks are approximately the same, the low-energy straggling for the 
Po sample is worse than that of the Io®° sample. This phenomenon 
may be due to the same sort of gradual deterioration which has been 
reported by many other users of Po sources. 

Figures 22a to c show the effect of varying the number of channels 
per peak on the resolution. The straggling parameter is the same for 
Figs. 22a and b, but it is increased in Fig. 22c, where the peaks are 
crowded together. The spread of the peaks over the channels was 
varied by shifting the positions of the gain controls (see Fig. 4). 

Figures 23a to c show the effect of collimation. The straggling 
parameters are about the same for 50 per cent geometry and for 1 to 
1 and 2 to 1 collimation. However, the low-energy tails in the 50 per 
cent geometry measurement decrease the resolution on the low- 
energy side of each peak, as is evident from the fact that the valleys 
between the peaks are lower in Figs. 23b and c than in Fig. 23a. No 
significant difference seems evident between the results obtained 
with 1 to 1 or 2 to 1 collimation. This fact is also shown in Figs. 24a 
and b. 

The peaks from a RdTh (and daughters) standard are shown in 
Fig. 25. The nonlinearity of the energy pulse -height relation becomes 
significant only for the highest energy peak (ThC'). This nonlinearity 
is probably due both to the positive -ion effect and to amplifier non- 
linearity at high signal levels. 
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Paper 16.55 


THEORETICAL CALCULATIONS CONCERNING 
BACK- SCATTERING OF ALPHA PARTICLESt 

By J. A. Crawford 


H an a -emitting substance is spread thinly on a platinum plate and 
counted in a parallel-plate 50 per cent geometry ionization chamber, 
a certain percentage of the at particles counted wiU have been back- 
scattered from the sample backli^. The counting yield (the ratio of 
counts per minute to disintegrations per minute) should therefore be 
somewhat more than 50 per cent. The amount of this increase has 
always been thought to be negligible; a figure of 1/8,000 obtained by 
Geiger and Marsden^ from a different type of scattering eiqperlment 
has often been quoted to prove that this back-scattered fraction is 
Indeed too small to worry about. 

However, In August 1943 results were obtained by Cunningham, 
Ghlorso, and Jaffey* which could be interpreted only by assuming an 
approximately 52 per cent counting yield for samples mounted on 
platinum or an error In the accepted value for the specific a activity 
of normal uranium. At the time, the latter e^qilanatlon was accepted, 
but It became Important to determine whether It was at all possible 
that the extra 2 per cent in counting yield could be due to back- 
scattering. As soon as the matter was examined, it became evident 
that much more back- scattering might be esqiected than from the 
Gelger-Marsden experiment, and so the following calculations} were 
made to estimate a lower Umit for this phenomenon. 


t Contribution from the Chemistry Dlvtslon of the MetallurKlcol Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

tThe author Is grateful for helfful discussions and criticism of the manuscript by 
A. H. TaHey. 
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The scattering of a particles can be divided into three classes: 
multiple, plural, and single scattering. Multiple scattering is con- 
sidered the result of a very large number of weak collisions and obeys 
rather closely a Gaussian distribution. Plural scattering is the re- 
sult of a smaller number of collisions. Single scattering is the result 
of only one relatively strong collision produced by a close approach 
of the a particle to an atomic nucleus. 

Back-scattering in a parallel-plate chamber is most likely due to 
small-angle scattering, and since that scattering which occurs at 
small angles is primarily multiple scattering, the calculation has 
been limited to this effect. Using the data from e:q>erlments per- 
formed by Geiger In 1910, it was found that on substances of atomic 
weight as high as that of platinum, a particles of range 3.68 cm of 
air were scattered to the extent of 3 to 3*/^ per cent. On lighter ele- 
ments the back- scattering was smaller, that on aluminum, for exam- 
ple, being approximately one-fourth that on platinum. 


1. CALCULATION OF MULTIPLE BACK-SCATTERING OF ALPHA 

PARTICLESt 

We shall first set up Geiger’s equations for multiple scattering as 
they apply to his experiments: 

The ejq)erlmental setup consisted of a narrow parallel pencil of 
a particles traversing a thin! foil and falling on a screen placed at a 
distance d from the foil (see Fig. 1). 

The scattering was measured by counting scintillations on the 
screen. 

The probability that a particle hit the element dxdy of the screen Is: 

P^ y dx dy = dx dy 

btroduclng polar coordinates and Integrating with respect to the 
angle between 0 and 2ff, we obtain the probability Pp of any deflection 
p from the center, namely. 


Pp dp = -^e-pV2i’ dp 


tSee references 3 to 5. 

{Made thin enough so that Che slowing down of the a particle, as it traverses the 
foil, is negligible. 
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The curve Pp = f(p) presents a maximum for p = I, so that I Is the 
most probable deflection in polar coordinates. 

These equations can be written in terms of the tangents of the scat- 
tering angles as follows: 








dX =-^e-^’/2.A? ^ 

A* 


where X = p/d, X, = x/d, Xy = y/d, and A = 1/d, with A being the most 
probable value of the tangent of the scattering angle in polar coordi- 
nates, Xx and Xy its x and y components, and X its actual value. 

Now tlie probability that Xy lies between Xy and Xy + dXy is 

obtained by integrating over X^ between the limits -• and 
We will henceforth refer to X as ^‘scattering angle” rather than as 
“tangent of the scattering angle.” This is allowable since X = arctan X 
except when the multiple scattering is entirely negligible. Thus we 
see that the scattering angle in a particular direction, for example, 
y, obeys a Gaussian distribution law. This fact forms the basis of all 
our calculations. The parameter A is the root-mean-square value of 
Xy and in polar coordinates is also the most probable value of X.t 
To apply these considerations to the problem at hand, consider an 
infinitely thin a-emlttlng sample spread over the surface of a flat 
plate (e.g., gold or platinum). 

Consider an a particle, emitted at the point O (see Fig. 2) in the 
direction OZ, in the plane of the figure. OZ forms the angle e with 


tu the probability distribution of two Independent variables x,y Is Gaussian, then 
P(x,y) dx dy = dx dy 

and setting p = ^3?+ the most probable value of p Is Z. But also, by Integrating 
with respect to x from - « to -fee, we get = Z. Hence the root- mean- square value 

of one variable equals the most probable value of the square root of the sum of the 
squares of the two variables. 
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the surface of the plate. Because of scattering, the particle will not 
remain In the plane of the figure. However, the projection of Its mo- 
tion onto that plane will be treated. 

Set up a coordinate system with origin O, Z axis aiong OZ, and X 
axis perpendicular to the plane of the figure. Let P be the projection 
of the position of the particle onto this plane. Since multiple scat- 
tering Is a small-angle phenomenon, the distance traversed by the 
particle will be nearly equal to Its z ordinate and will be treated as 



Fig, 1 — Experimental setup (or calculation of multiple back-scattering of parUcles. 



Fig. 2 — Diagram showing relation of variables for an Infinitely thin oc-emlttlng sam 
pie spread over the surface of a flat plate. 


such. The distance cf the particle from the line OZ is called the 
''drift” r of the particle. We are chiefly interested In the y compo- 
nent (MP s Fy) of this drift. The z ordinate of the particle is denoted 
by s, which Is referred to (approximately) as the distance traversed 
by the particle. 

The small angle formed by the position vector of the particle and 
the Z axis Is known as the ''drift angle.” The tangent of this angle, 
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^ s r/s, Is iiearly equal to the angle Itself and will be Identified wlUi 
It, as was done for the \ factor. We shall be mainly Interested In the 
y component, = ry/s, of the drift angle. 

Geiger’s experiments Involved directing a beam of a particles at a 
thin foil and measuring the angle through which they were deflected 
after traversing the foil. His data therefore give the change In direc- 
tion of motion of particles going through matter. We are Interested 
primarily In the drift. The drift can be computed by Integrating In 
the proper way the change In direction of motion as the particle con- 
tinues Its journey through the scattering material. 





Fig. 3 — Relation of variables In the Investigation of the scattering and drift of an a 
particle. 

We shall Investigate the scattering (and drift) In the y direction of 
an a particle emitted along the line OZ (see Fig. 2). Consider the 
particle as successively traversing thin differential layers of the 
material, each differential layer being, however, sufficiently thick so 
that the Gaussian law of multiple scattering In the y direction holds, 
ff As Is the thickness of an elementary layer, and A9y the angle 
through ^hlch a particle Is scattered in the y direction by traversing 
the layer, then the angle By through which it Is scattered by traversing 
a finite thickness, is (see Fig. 3) 


whencet 




(Aiffy)- = Um 

^Sj 


m y 
-0 "1 


(Agy)^ 
As i 


ASi 


( 2 ) 


t According to the well-known theorem which states that If A = £iai then ? » £i af 
provided the values of Si obey a Gaussian distribution law. See Appendix B, 
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Now we know that 


lim y 

A 8,-0 


ASi 


As I 


Is finite/ Therefore, differentiating wlUi respect to s, 


d(0j) 


= lim 


ds ^s-o 


Denoting by 0, we have 


de* „ (ASy)* 
-r— = lim — 

ds As-o 


Since A9y obeys a Gaussian law, its distribution is given by Eq. 1, 

where Xy = ^Oy and A = niost probable value of Ady In 

polar coordinates (see footnote, p. 1309). 

With this identification, it is possible to write (see reference 4)t 


lim 



lim 

^ 6*0 





(3a) 


or 


de* 



d0* 

. ds 

s 


ds . 


(S-s)* 


(3b) 


where S Is the Initial range of the particle, s the distance already 


traversed. 


de' 


ds 


the derivative of 9y, with respect to s at s = 0, 


before the particle has lost any of its energy. This law states that the 
root-mean-square value A0y Is inversely proportional to the re- 
maining range (see Appendix A), 


tOur notation differs from that used by Geiger, who takes as his elementary dis- 
tance as, the thickness of a monatomic layer. The two formulations are equivalent. 
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It seems appropriate at this point to calculate a result that will be 
applied later, namely, the value of 6, the root- mean- square value of 
By , after the particle has traveled a finite distance s. 

This value of 6 is related to Geiger’s L by 0 = L/d (see reference 
4). We have 


d0* 


d0* 

s® 

ds 

t 

ds . 

N 

1 

O 


after the particle has traveled a distance t (since Gp = 0). 


d0* 

s* dt 

d0* 



dsJo 

X (s - 1)** ■ 

ds 

0 

® X (s-t)* 



d0* 


Ss 



ds . 

0 

S- s 


is the rate of change of 0^ with respect to s at the 

0 

beginning of the range. 

We shall now proceed to calculate the y component of the drift, Ty . 


where 


d0" 


ds 


dry = By ds 


whence 


ar(s) 

ds 


= By (s) 


lim y Ai0„= lim 

Al0y-»O 


E, 


A0y 

■mT 


Mi 


since 0y(O) = 0. 

Now it follows that 


At,-0 “1 

To show this, exactly the same procedure is followed as that used 
to prove 
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ary(s) 

ds 


= ^ Urn y (s - t) Ati 
ds ^tj-O 


t”S 

ry(s) = 11m y {s-t)4^Ati + C 


where C is independent of s. 

But ry(0) = 0; hence C = 0 andt 


(5) 


ry(s)* = lim y (s - t)* 
“1^' 


t^O 

t = B 


At? 


2 (Afly)^ 


= lim y (s - 1)* Ati 

At,-o At, 


(5a) 


i>0 


(AS )* d0* 

But it was seen that Urn — = finite = — (see Appendix B). 

At,-0 At, dt ' 

Hence Ty (s)^ can be written as an Integral 


Ty (s)* = /’ (S - 1)* ^ dt - R(s)=* 


where R(s) is the root-mean-square value of ry(s). 

From Eq. 5 it is found that ry(s) is a linear combination of the 
values of ASy , which obey a Gaussian law, and hence ry (s) obeys a 
Gaussian law. Now, as before, <^y, the y component of the drift angle, 
is defined by m ry/s. Hence, as ry obeys a Gaussian law, ^y obeys 
a Gaussian law, and the most probable drift angle, is given by 



The above discussion has been based on the tacit assumption that 
the radioactive atom which emitted the particle was surrounded by an 
infinite mass of scattering material. In the case at hand, however. 


tReier to footnote, p, 1311. 
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the Gaussian distribution of at the point s will be modified by the 
possibility of the a particle’s having escaped from the plate before 
the point s was reached. It will, however, be possible to apply our 
treatment to obtain a lower limit for the back-scattering in the fol- 
lowing way: 

Assume momentarily that the air above the plate actually consists 
of the same material as the plate. Then the probability that at the 
point s the particle will lie below the interface is equal to the prob- 
ability that < €, which is represented by P. Let p be the probability 
that, at the point s, the particle lies below the interface and that it has 
never previously been scattered above the Interlace. This added re- 
striction means that p < P. 

But p is precisely the probability that in the actual experimental 
setup the particle has not escaped by the time it has traveled the dis- 
tance s. 

Since p < P we have 1 - P < 1 - p, i.e., 1 - P is less than the prob- 
ability that the particle has escaped before traveling the distance s. 
Thus, 1 - P furnishes a lower limit for the probability of back- 
scattering and will be found here, since the difficulty in calculating p 
exactly is too great to warrant spending time on it for the purpose at 
hand. 

Now P is the probability that ^y < e. Since ^y obeys a Gaussian law, 
it is readily seen thatt 


1-P=^= re-</2*“d*v 
♦ VW Jr 


giving a lower limit to the probability that if a particle is emitted at 
an angle € from the surface of the plate, it shall be back-scattered 
before having traveled the distance s. From solid-angle considera- 
tions, the probability that, if a particle is emitted downward, it will be 


tit is to be remembered that was defined as the tangent of the drift angle; hence 
the upper limit We are, however, restricted to small angles. But 1 - P can be 
written 


where ( can be so chosen that, for t < ♦y < t,*y a small angle and, for 1 <*y<», 
die Integral has a negligible value. 
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emitted between c and € + dc is cos c de. Hence the probability that, 
if a particle is emitted downward, it will be back- scattered is 

B = — f ^ cos < dc r d^y 

♦ V^ •A 

Now determine the value of 4>. Choose s so that the particle has a 
sufficient range left after escaping to be recorded, and let this value 
of s be denoted by s^. 




^ f i (11: 

s,y inm 

S Jo [S -t) 

Si S is 

0 

1.000 

1.000 

1 

0.097 

0.921 

2 

0.825 

0.872 

3 

0.765 

0.833 

4 

0.712 

0.799 

5 

0.669 

0.774 


A safe estimate for S - seems to be 3 mm. However, 4> will be 
calculated for various residual ranges from 0 to 5 mm. 


-■s- lei'te)' 




Now it follows that 


i <“ ' “ (■ -f^) - r) * - (f-J <«) 

H the a-partlcle range in air is 3.68 cm, S ■■ 3.68 cm, S - s * 0, 1, 
2, 3, 4, 5 mm, and the values shown in Table 1 are obtained. (The 
proportionality constant is the ratio of the range in the material con- 
sidered to that in air.) 

dO^ 

We shall now proceed to calculate the quantity S. 

Using Geiger’s data for gold foils (platinum and gold^should behave 
very nearly alike in back-scattering, since their atomic weights are 
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SO similar), It is seen that, for a particles of initial range of 5.60 cm 
in air, a thickness of gold equivalent to 1 cm of air produces a 0 of 


2.1 deg. Using Eq. 4, we can calculate the value of 
S' • 5.60 cm. 



S' for 


From Eq. 4, 



( 0 ') 


S' 



where 


S' 


- s' 


s' 


5.60-1.00 

1.00 


4.60 


Hence 


de* 


To calculate 


ds 


d0' 


ds 


(2 

.1 X 

’'T X 

-[ 

180 

~) ^ 

3 for 

S « 

3.68 

d0* 

/ 

d0* 

ds . 


ds. 




(S') 


(S'-s)* 


or 



(S' - s) 



S' X 


S' 


S' - s 


But 



(S' - s) for S' 


5.60 cm and S' - s 



S for S 


3.68 cm.t 


3.68 cm, is equal to 


tit should be borne In mind that* the scattering in the differential layer As, whose 
mean-square value is depends only on the energy of the a particles (l.e., on the 
remaining range) and not on the value of 9, or 0 up to that point. 
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de* 

s _ 

de* 

. ^ . 

0 — 

0 

. ds . 


S'x|l=6.19xlO->x|j|^ 


( 7 ) 


= 9.40 X 10-® 


This gives the values of 4> listed In Table 2. 

Returning to the calculation of B, 

B = — p=- f cos € de f e'^y/2*" d^y 

♦m Jo J. ^ 

In the above expression cos e can be set equal to 1, for, using 
♦ = 4.62 deg (S — s *3 mm), when c > 18 deg, the value of 


1 


jf“ d*y 


becomes less than 0.0001, which is negligible. But when « < 18 deg, 
cos c > 0.95, and is effectively unity. Hence 




where, for the same reason, we have substituted for convenience the 
upper limit •» for c Instead of ti/Z, 


We can write B as 


B = -7= f da f e’‘*/* dt where a =4-; t = 4r 

V2ir Jo J., ♦ 




e-tV2 dt 


da 


[0.5- A*;] da 


( 8 ) 


where Ag is the area from 0 to a under the normalized Gauss error 
curve. 

The value of this integral was computed by adding together all the 
values of Ag given in the mathematical tables of the "Handbook of 
Chemistry and Physics,” where a varies from 0 to 3.87 in steps of 
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0.01; for a > 0.387, the integrand is less than 0.0001 and was neg-. 
lected. Effectively, then, we computed 

^^3.87 r ■! 

X |0.5-A"| da 

This is 0.402, and therefore B = 0.402 ♦ . 

This means that for every 100 particles emitted upward and counted 
there will be in addition, for example, at least 3.2 particles multiply 
back- scattered and counted (see Table 3). 

Assuming that the correct value for S - is known, then B is a 
lower limit for the back- scattering. It is probably a rather close 
lower limit. Henceforth we will refer to this lower limit when we 
speak of the back- scattering. This should not lead to any confusion. 

Tabic 2 


S - S|, mm ♦, deg 

0 5.55 

1 5.11 

2 4.84 

3 4.62 

4 4.44 

5 4.30 


Table 3 — Multiple Back- scattering for or Particles of 3.68 Cm Range for 
Different Values of Residual Range in Air 


S - s,, mm B, % 

0 3.9 

1 3.6 

2 3.4 

3 3.2 

4 3.1 

5 3.0 


2. VARIATION OF BACK -SCATTERING WITH THE MATERIAL OF THE 

SCATTERING PLATE 

It has been seen that back- scattering is proportional to Now for 
particles of a given energy (so that s^/S is independent of the ma- 
terial), 


S 
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Let the differential layer ds have a thickness equivalent to a speci- 
fied number, V, of moleciiles of the substance. 

Using the same value v for various substances, Geiger found that 

- A* or de* « A* 

where A is the atomic weight of the substance (see reference 4).T 
If the substance has a polyatomic molecule, this can be generalized 
to 


de* NiAf 


where the summation i is taken over all the kinds of atoms in the 
molecule. Hence, if is the value of for the standard substance, 


iNjA? S/ds 
“ AV S,,/ds„ 


But since ds is equivalent to a specified number y of molecules of 
the substance, 


_ Sq Sff ^ S/ ds ^ Oq 

ds u dS(i ^0/ ds„ nQ,f 


where jig is the number of molecules equivalent to the range S. 

Hence 

^NjA*! no 

A„ ^0(r 

Butno/noir is equal to the reciprocal of the ratio of the atomic stop- 
ping powers of the two substances, t 


HQ _ VAy 
iiocf ZiNi Va j 


t Geiger’s notation is somewhat diflerent but can be Interpreted in this manner. 
tSee Bragg and Kleeman’s l^w for the stopping of partlcfes. 
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Hence 

_ £NiA*i 

[a’^IniVaT 

Using the value of the back- scattering for gold as unity, the relative 
back- scattering coefficients for different substances, for an a par- 
ticle of specified energy, are given in Table 4. 


3. VARIATION OF BACK -SCATTERING WITH THE RANGE OF THE 
ALPHA PARTICLES 

Let 4>^ now be the 4> for the standard range (here 3.68 cm), and let 



We have then 

_ dlel s_ 

From Eq. 3,t 

iM. s; 
d[e;i, s* 

Hence 

♦2 " S 

The value of p will depend on the value of s^/S, where* S - S| is the 
residual range in air necessary to produce a recordable pulse (re- 
fer to Eq. 6). Since p does not vary rapidly with respect to S, we 
may say that B is approximately Inversely proportional to the square 
root of the range. 

We shall limit ourselves to the case of the a particles emitted 
from U(I), whose range is 2.70 cm, and assume (S-Sj) = 0.3 cm. 


tThe use of Eq. 3 to deduce this result Is similar to the deduction of Eq. 7. 
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From Eq. 6 , p = 0.637 and = 0.694. Therefore 


♦* _ 3.68 0.637 

^ ~ 2.70 ^ 0.694 


1.252 


% 


1.12 


To obtain the scattering of U(I) a particles In UjO, (B^) relative to 
that of 3.68-cm a particles in gold (Bq), it Is necessary to multiply 


Table 4 — Back- scattering Coefficients for Different Substances 
Substance Back- scattering 


Au 1.00 

Pt 0.09 

UjOi 0.804 

SlO, (quartz) 0.10 

A1 0.23 

Be 0.10 


together the two factors obtained for scattering in U 3 O 3 relative to 
gold and for scattering of U(I) a particles relative to 3.68-cm a par- 
ticles. This gives (see Table 4) 


4^-= 0.894 X 1.12 = 1.00 
Bo 

Hence, coincidentally, the back-scattering of U(I) a particles in U,0, 
is the same as the back- scattering of 3.66-cm a particles on gold or 
platinum, for (S - sj = 3 mm of air. 


4. SPECIAL CASES 

4.1 Multiple Back- scattering for an Infinitely Thin Sample Spread 
on a Foil of Finite Thickness t. Small Compared to s, . Here the 
plate is not infinitely thick and therefore c is not integrated from 0 to 
ir /2 but from 0 to t/Si, where t Is the thickness of the foil and 
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4.2 Multiple Back- scattering for a Case Similar to That of a Finite 
Thickness of UgO, Evenly Spread on a Thick Platinum Plate . The 
has essentially the same value of ^ as the platinum: 

= 1.12 (see above) 

*Pt 

We are essentially considering the case of a finite layer of active 
UjOg spread over a thick plate of imaginary inactive UgO^ . Consider 



AIR 

PLATE (FOIL) 
AIR 


Fig. 4 — Infinitely thin sample spread on a foil of finite thickness t (see Eq. B). 



Fig. 5 — Back-scattering of an cr particle, considering a finite layer of active UjOj 
spread over a thick plate of imaginary inactive UjOg. 


an a particle emitted at O in the direction e . The probability that the 
particle will escape is 


1 

<t>V^ 



d«y 


The probability that the particle will be emitted between e and 
e + de is V 2 cos c de (considering the 4ir solid angle). Hence the prob- 
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ability that the particle emitted at O will be back- scattered Is ob- 
tained by Integrating e from - X to v/2 or 


P' 


"2X 

r ^ 




P 3 — / da 1 
2 

f- 1 


e-4j/2*’ d^y 


e-t*/2 dt 


where t = and a = e/^. Let a + = u and do = dcj. Then 


P' 



e-‘V2 dt = 


0.402 * 
2 


Integrating over the thickness of active UjOg gives P = 0.402 4>/2 = 
P' , where P is the probability that any emitted a particle will be 
back- scattered. 

The probability that a particle will be counted is 0.5 - t/4si + 
0.402/2, where -t/4si is the ordinary self -absorption correction.! 
Thus It is seen that the back- scattering correction 0.402/2 is inde- 
pendent of the thickness t of the sample. 


5. SUMMARY 

Calculations indicate that a particles with a range of 3.68 cm In 
air are back-scattered from a platinum sample mounting to the ex- 
tent of 3 to 3.5 per cent. The calculations were based on Geiger’s 
multiple- scattering data. Variations of back-scattering with range 
and with substrate were also calculated. 

APPENDIX A 

A word should be said about the validity of Eq. 3, on which our cal- 
culations are partly based. Equation 3 states that Is Inversely 
proportional to the remaining range, S - s, of the a particle. This 
law was established e^qierlmentally by Geiger for ranges between 
about 1 and 5.6 cm. However, the assumption has been made that 


tSlncethe term-t/48, does not contain the ratio s,/S, s, must be expressed In terms 
of length units In the U,0,, 
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this law holds to the end of the range, and this assumption must be 
Justified. 

ff we plot 1/ Vd0* vs. S from Geiger’s data (see Fig. 6), we obtain 
a fairly good straight line, except for one point that may be in error. 
It Is possible to extrapolate down to 0 range since, from physical 



Fig. 6 — Graph showing the validity of the law expressed by Eq. 3. K Is porportlonai 
to Vde* . (See Geiger and Marsden/ Table IV.) 

c onsi derations, we see that, as we approach the end of the range, 
Vd^ becomes Infinite. As the particle slows down, its motion ap- 
proaches complete randomness, and it can be shown that the root 
mean square of the tangent of the deflection approaches Infinity. 
Hence the curve passes through the origin. 

It is seen from this curve that the law e:q)ressed by Eq. 3 is ap- 
proximately valid for ranges from 0 to 5.6 cm. 

APPENDIX B 

The use of the difference notation A0y and of the summation sign, 
rather than the differential notation and the integral sign, is neces- 
sitated by the fact that no meaning can be given to the symbol d0y, 
since A0y/As does not approach a limit as As goes to 0. To illustrate 
this, we can use the root-mean-square value for Adyi 

(Afly)* 1 


As 


As 
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As As goes to 0, (A0y ) VAs approaches a finite limit (as shown by 
Geiger’s experiments). 

The whole eiqpresslon therefore becomes Infinite. 

Thus we see that the function 9y = f(s) can be regarded as a kind of 
continuous function which is not differentiable at any point. 
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Paper 17.1 


THE SPECTRUM OF PLUTONIUMt 
By H. W. Dodgen, J. Chrisney, and G. K. Rollefson 


Two photographs of the spectrum of plutonium have been made with 
a 3 -meter focal -length grating of approximately 60,000 lines. A 
Paschen mounting was used so that the entire spectrum was taken in 
a single exposure. The first photograph was obtained in June 1943 
with a 20-jug sample supplied by Dr. Cunningham of the Metallurgical 
Laboratory at Chicago. The second one, taken in June 1944, was made 
from 0.5 mg of plutonium taken from a supply sent from Clinton to 
the Chemistry Department at California. The supply from Clinton had 
been given a preliminary purification by precipitation of sodium 
plutonyl acetate. The 0.5 -mg sample was further purified by precipi- 
tation from a 2M NH^OH solution after it had been reduced by sulfur 
dioxide. After being washed, the sample was dissolved in concen- 
trated hydrochloric acid; the solution was then diluted, and the sample 
was precipitated a second time and washed. This second precipitate 
was dissolved in a small volume of concentrated hydrochloric acid 
and carefully evaporated on a copper electrode. The samples were 
excited by a condensed spark produced by a 15,000-volt, 0.9-kva neon 
sign transformer with a 0.015-pf condenser in the circuit. -In order to 
recover the samples, the electrodes were enclosed in a specially 
made glass shield, which was fitted onto a quartz lens. 

Experiments with uranium samples of various sizes showed that 
for samples of the order of magnitude of 20 pg, many more lines 
characteristic of the sample were obtained if the electrodes were of 
silver rather than of copper. This dependence on the nature of the 
electrodes was less with larger samples and was not significant for 
samples as large as 0.5 mg. Hence the first sample was mounted on 


tContrlbutlonfrom the Department of Chemistry. Unlver.sity of California, Berkeley. 
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silver electrodes, but the second on copper. In the first case, the 
glass shield was filled with air, but in the second case helium was 
used, since it was found that this reduced the background without 
otherwise affecting the spectrum. In both cases the sample was 
mounted on the electrode by evaporating a solution of the chloride 
which contained some excess acid. 

The slit widths used were 0.10 mm for the first and 0.04 mm for 
the second. Since the dispersion was approximately 5.5 A per milli- 
meter, the image of a line covers approximately 0.2 A, even for the 
narrowest width used. In order to obtain settings as accurate as 
possible, the plates were measured with a projection -type com- 
parator, which gave a magnification of a little more than ten diam- 
eters. On the basis of a comparison of our measured values for the 
wavelengths of some of the lines known to be due to impurities with 
the values listed in the M.I.T. tables, we believe that our wavelengths 
are good to about ±0.07 A (average). 

In some regions of the spectrum the error may run up to 0.2 A 
because of the large distance between good reference lines. 

Eastman spectrographlc plates were used. For wavelengths less 
than 4590 A the type m-O was used, and for longer wavelengths, 103F. 
The range covered was from 2100 to 7240 A. In this range five nar- 
row intervals were not covered because they fell at the junctions of 
the plates or behind supporting strips in the shield, which was placed 
in front of the plate rack. The intervals thus excluded are 3156 to 
3167, 3917 to 3938, 4584 to 4595, 5618 to 5643, and 5985 to 5995 A. 

The wavelengths of the lines measured are given in Tables 1 and 2. 
Those in Table 1 are the ones that are considered definitely charac- 
teristic of the sample. Lines have been eliminated which could be 
definitely attributed to the presence of impurities, e.g., the persistent 
lines of calcium and magnesium. All these lines have been checked 
by at least two observers. The values in Table 2 represent those 
lines that are considered uncertain because of extreme faintness 
(0 on the scale to be described) or because of proximity to a strong 
line in the background spectrum. Although most of these lines prob- 
ably are characteristic of plutonium it is preferable to list them 
separately for the present. On the other hand, the only lines in Table 
1 to which any uncertainty is attached are those which fall close to 
a persistent line of some element which might be present as an im- 
purity. Those cases have been indicated by inserting at the right of 
the wavelength the symbol of the element that has a persistent line 
close to the listed wavelength. This procedure has been followed even 
though the presence of such an element was considered improbable. 
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Table 1 — Wavelengths of Plutonium Spectrum 


Angstroms 

I 

Angstroms 

2611.74 

1 

2805.21 

2612.60 

1 

2605,46 

2614.85 

1 

2606.06 

26ai.23p 

1 

2606.37 

2658.47 

2 

2806.93 

2661.10 

1 

2808.38 

2662.58 

Ih 

2610.38 

2664.54 

Ivh 

2811.26 

2666.35 

1 

2815.76 

2668.69 

1 

2816.41 

2669.71 

1 

2818.22 

2670.87 

1 

2622.93 

2674.74 

1 

2826,36 

2690.75 

1 

2827.46 

2694.46 

1 

2833.26 

2708.27 

1 

2834.93 

2728.15 

1 

2835.70Cr? 

2729.53 

1 

2838.73 

2730.76 

1 

2840.57 

2744.21 

1 

2642.72 

2746.97p 

2 

2847,22 

2748.51Cd7 

1 

2849.29 

2754.76 

2 

2850.12 

2756.64 

1 

2851.20 

2760.31 

1 

2852.95 

2771.04 

1 

2856.17 

2776,36 

2 

2857.06 

2779.90 

1 

3859.19 

2781.41 

3 

2860.Q3P 

2784.50 

' 1 

2861.16 

1 

2785.64 

2 

2862,57 

2787,31 

2 

2866.42 

2789.10 

3 

2866.96 

2793.32 

1 

2867.63 

2794.64 

1 

2869.05 

2797.16 

1 

2870.05 

2708.76 

1 

2872,20 

2800.40 

1 

2874.79 

2801.61 

1 

2676.56 

2803.66 

2 

2879.96 


I Angstroms 1 


1 

2885.40 

Svh 

1 

2886.83 

2h 

2 

2887.79 

Ih 

1 

2890.72 

2 

1 

2891.71 

3 

4 

2892,64 

4 

2 

2894.54 

4h 

2 

2895.67 

2 

2 

2897.90Bi? 

5 

1 

2899.62 

3 

Ih 

2900.80 

2h 

5 

2903.19 

1 

1 

2904.17 

3 

1 

2904.87t 

6 

4 

2906.68 

3 

2 

2909.47 

1 

8 

2910.43 

8 

1 

2911.50 

1 

3 

2912.50 

2 

2 

2913.79 

1 

1 

2914.17 

1 

1 

2914.62 

3 

1 

2915,69 

5 

3 

2916.10 

8 

3 

2918.84 

1 

2 

2919.97 

2 

5 

2921.83 

3 

1 

2923.02 

4 

5 

2923.70 

1 

Ih 

^ 2925 .26t 

7 

4h 

2926. 53 t - 

5 

3 

292B.14t 

6 

3 

2929,37 

6 

1 

2930.82 

2 

4 

2932.17 

2 

2 

2933.22 

3bh7 

2h 

2936.36 

4h 

2 

2937.52 

2 

2h 

2938.90 

8 

2 

2941.27 

6 
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Angstroms 1 


2943.04 

2 

2e49.85p 

7 

2951.64P 

3h 

2054.33P 

7 

2956.30 

2h 

2963.40 

2 

2964.70pt 

8 

2966.09p 

1 

2966.80P 

2 

2967.58 

2 

296B.98pt 

5 

2969.91 

1 

2970.52P 

3 

2972.51pt 

10 

2973.45 

2 

297B.03t 

7 

2978.49pt 

9 

2980.27pt 

10 

2981.26 

3 

2982.65 

1 

2984.24 

1 

2984.98 

1 

2987. 12p 

6 

2988.21pt 

10 

2990.09 

2 

2991.55P 

8h 

2992.60 

2 

2994.06p 

10 

2996.46p 

9 

2998.46p 

3 

3000.62pt 

10 

3002.43 

2h 

3004.86P 

3 

3005.46 

2 

3007.38 

5 

3009.14Sn7pt 

6 

3009.83t 

6 

3012.88 

1 

3013.58 

2 

3014.54 

3 


Table 1 — (Continued) 

Angstroms 

I 

3015.05 

3 

3015.07 

2 

3018.21 

4 

3016.50t 

4 

3021.14pt 

8 

3023.42pt 

7 

3025.96P 

4 

3028.84 

6 

3020 .89p 

7 

3031.42 

8 

3032.47P 

8 

3033.97Sn?p 

4 

3035.26 

1 

3038.50P 

4h 

3030.23 

3h 

3041.51 

3 

3042.67t 

5 

3043.05pt 

5 

3046.36 

7 

3047.42 

3 

3048.25 

1 

3049.01 

1 

3051.11 

5 

3052.16 

2 

30S3.16t 

8 

3053.89 

Ih 

3055.24 

3vh 

3055.86 

3vh 

3056.81 

3 

3057.64t 

2 

3058.41T 

4 

3080. IBt 

4 

3061.76 

4 

30e9.25pt 

9 

3074.e5t 

3 

3075.47 

1 

3076.01 

1 

3079.77 

2 

3084.63 

4 

3105.28 

3 


Angstroms I 

3109.30p 2 

3118.75 2 

3121.18 2 

3137.52 2 

3165.52 2 

3167.58 1 

3171.44 1 

3173.12 2h 

3174.68 3 

3176.67 1 

3179.71 6 

3182.36 4 

3183.55 Ih 

3184.49 1 

3185.65 4 

3196.34 Ih 

3197.85 2 

3l9B.48t 6 

3200.39 5 

3201.59 5h 

3203.07 6vh 

3204.75 3h 

3206.98 4 

3211.26 Ih 

3213.73 Ih 

3215.33 1 

3216.21 3 

3217.21 2 

3218.18 1 

3219.10 3 

3221.0lt 7 

3221.73- 8 

3222.65 1 

3229.66 2vh 

3231.89 9 

3232.61Sb? 4 

3234.74 5 

3236.82 1 

3241.37 8 

3242.04 7 
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Angstroms 

1 

3245.23 

6 

3253,75 

4 

3254,58 

3 

3261.20Cd7 

3 

3263.17 

2 

3264.21 

3 

3271.26 

4 

3279.17 

1 

3287.83 

1 

3298.42 

8 

3302.52 

3 

3312.61 

8 

3313.57 

2 

3314.69 

1 

3315.36 

7 

3316.27 

2h 

3321.76 

2 

3323.83 

8 

3324.73 

4 

3327.58 

2 

3374.61 

1 

3377,34 

6 

3379.41 

1 

3383.99 

1 

3387.06 

Ih 

3387.91 

2h 

3389.30 

6 

3390.13 

4 

3391.40 

8 

3392.20 

3h 

3392.92 

2h 

3393.97 

1 

3394.39 

1 

3397.36 

9 

3401.03p 

10 

3407.36 

1 

3410.12 

4vh 

3412.41 

4 

3414.23 

5 

3415.02 

1 


Table 1 — (Continued) 


Angstroms 

I 

3416.74 

2 

3417.96 

1 

3418.91p 

10 

3421.30Pd? 

3 

3422.67 

2 

3424.12P 

6 

3424.61 

8 

3425.45P 

10 

3426.33 

6 

3428.24 

1 

3429.27 

1 

3430.29 

1 

3431.17 

1 

3432.90 

4 

3434.28 

2 

3435. OORh? 

8 

3439.42 

1 

3442.26 

4vh 

3444.04 

2 

3444.77 

2 

3445.81 

Ivh 

3447.16 

Ivh 

3449.10 

4 

3453.02 

1 

3453.70CO7 

1 

3455.26 

6 

3456.21 

2 

3457.05 

1 

3456.88 

6 

3460.33Re7 

2h 

3460.81 

3h 

3461.89 

2 

3462.67 

6 

3463.53 

3 

34e5.02pt 

10 

34e9.22t 

10 . 

3470.43 

Ih 

3471.00 

Ih 

3473.67pt 

10 

3478.24 

2h 


Angstroms 

1 

3479.06 

1 

3479.86 

2 

3483.19pt 

7 

3488.17 

2 

3491.31 

Ih 

3494.45 

3 

3496.35 

2 

3497.25t 

4 

3504.89 

2 

3508.88 

1 

3515.25 

1 

3S16.73Pd? 

2 

3533.33 

3 

3540.7et 

7 

3542.03 

2h 

3550.83 

Ih 

3578.05 

1 

3578.62 

4 

3579.45 

2 

3685.92pt 

10 

3588.05 

2 

3589.52 

1 

3590.21 

3 

3501.68P 

2 

3592.53 

2 

3593.34 

4h 

3594.16 

3h 

3595.19 

2 

3596.01 

1 

3596.24 

2 

3e00.48p 

8 

3602 .7gp 

Ih 

3003.72P 

8h 

3605.02 

1 

3605.g8p 

8 

3607.22 

4h 

3607.80 

4h 

3008.75P 

4 

3609.58Pd7p 

4 

3612.38 

2vh 
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Angstroms I 


3615.05 

1 

3615.62 

3 

3616.09 

2 

3616.90 

1 

3617,78 

1 

3619. 26p 

3 

3e2l.50p 

8 

3623.05 

2 

3625.49 

6h 

3628.70 

3 

3629.73 

2 

3630.29 

1 

3631.96 10 1 
3632,77 J ^ 

lOvh.bh? 

3634.97Pd7 

2 

3635.87p 

8 

3636.47p 

8 

3638.07 

3 

3638.65 

1 

3639.90 

3h 

3644.24 

Ih 

3645.77p 

8 

3647.92p 

8 

3649 .20p 

6 

3650.43 

4 

3651.40P 

8 

3652.23 

2 

3657.70Rh? 

2 

3659.39P 

5 

3660.62p 

2 

3661.87 

1 

3663.82 

3 

3664.49 

1 

3667.31 

2 

3667.88 

7 

3668.83 

2 

3670.07 

3 

3673.35 

Ivh 

3674.88 

7 

3678.41 

Ih 


Table 1 — (Continued) 


Angstroms 1 

3678.77 Ih 

3679.65 5 

3680.52 3 

3681.98 2vh 

3682.92 8 

3685.46 3 

3688.65 2h 

3689.82 2 

3690.44P 6 

3691.34P 3 

3693.68p 5 

3695.21p 5 

3696.77 1 

3699. 35p 5 

3714.01 2h 

3714.78 2 

3718.69P 10 

3720.32P 7 

3721.50P 8 

3724.09 1 

3725.99P 10 

3726.71P 10 

3732.04P 8 

3732.46 4 

3736.17 2 

3737.30P 2h 

3739.24P 7 

3758.10P 2 

3758.64P 4 

3761.13 2 

3763.05 3 

3764.12 3h 

3765.05 3h 

3767.34 2 

3770.21P 7 

3770.68 1 

3771.65 7 

3773.44P 9 

3776.00P 9h 

3806.18 1 


Angstroms I 

3807.84 3 

3808.57 2 

3809.61 3h 

3810.52 9 

3812.02 5 

3812.67 7 

3815.26 a 

3824.24P 7 

3826.16p 4 

3827.66 6 

3828.00 1 

3629 .50Mg? 6 

3832.28Mg? 4h 

3833.61 3 

3835.52 6 

3836.12 6 

3837.00 8 

3839.98 1 

3840.79 8 

3841.45 2 

3842.21 5 

3843.49 1 

3845.80 3h 

3846.72 10 

3848.11 1 

3849.01 2 

3850.16 6 

3851. lOp 9 

3851.86 7 

3852.70P 8 

3853.17 2h 

3854.08 1 

3858.42 2 

3859.17 3 

3861.12 9 

3662.44 4 

3864.96 9h 

3866.75 7 

3871.86 4 

3872.35 4 
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Table 1 — (Continued) 


Angstroms 

I 

3874.23 

4 

3874.92 

7 

3876.62 

1 

387B.47p 

2 

3906.24 

lOh 

3945.42 

Ih 

3946.93 

4 

3949.19 

lOh 

3950.31 

2 

3951.60 

4 

3952.97P 

8 

3956.46 

Ih 

3957.56 

2h 

3958.93p 

8 

3962.68 

3 

3965.44P 

3 

3967.24 

2 

3970.11 

2 

3971. 52p 

3 

3972.16P 

9 

3972.96 

1 

3975.40P 

9 

3975.82P 

6 

3979.83 

1 

3980.34 

6 

3984.13 

3 

3985.48 

9 

3989. 76p 

9 

3992.24 

6 

3996.08 

4 

4000.25 

2 

4001.94 

2 

4002.50 

4 

4004.64 

1 

4006.37 

7 

4007.73 

1 

4010.56 

2 

4014.62 

1 

4015.74P 

6 

4019.22 

1 


Angstroms I 

4032.92 1 

4034.93 4 

4035.80 6 

4037.20 4 

4039.38p 6 

4048.B3p 4 

4058.71 6h 

j 4064.70P 9 

4065.67 2 

4066.80P 9 

4071.30 2 

4071.90 2 

4074.22 6h 

4074.58 8 

4078.09 8 

4084.39 1 

4088.85 8 

4097.76 7 

4101.02 5 

4102.04 2 

4103.28 1 

4103.86 6 

4106.00 8 

4107.34 6 

4108.52 3h 

4112.54 2 

4113.20 2 

4114.99 1 

4116.54P 7 

4117.33 1 

4136.76 9 

4146.39 2h 

4146.76 Ih 

4149.16 2h 

4150.00 4 

4155.98 1 

4159.65 2vh 

4160.68 1 

4167.76P 10 

4169.78 1 


Angstroms 

I 

4175.52 

1 

4178.33P 

2 

4190,02 

8 

4190.83 

5 

4196.21P 

9 

4203.19 

Itrh 

4204.79 

3 

4205.60 

2 

4206.42 

2vh 

4208.26P 

8 

4208.77 

7 

4212.07 

7 

4215.26 

5 

4216.39 

9 

4219.01 

5 

4229.79 

8 

4230.76 

4h 

4233.62 

6 

4237.85 

6 

4249.64 

3 

4251.38 

2 

4254.77P 

4 

4255.93p 

6 

4273.31P 

8 

4279.67P 

1 

4280.18 

8 

4281.12 

2 

4282.10 

1 

4283.80P 

7 

4285.88 

1 

4287.48 

1 

4289 .08p 

9 

4299.46 

6 

4307.18? 

4h 

4309.73 

1 

4311.92 

Ivh 

4313.33? 

2h 

43l4.43p 

6h 

4316.68 

2h 

4318.76 

1 
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Table 1 — (Continued) 


Angstroms I Angstroms 1 


4320.29 

2h 

4320.81 

2h 

4322.04 

1 

4324.35 

4 

4326.36 

2h 

4330.65p 

lOh 

4336,09 

6 

4337.19 

9 

4341.48 

10 

4352.02p 

10 

4357.9ep 

7 

4371.42 

2 

4379 .81p 

5 

4381.02 

4 

4383.46P 

7 

4385.40 

9 

4392.80 

2 

4393.92P 

9 

4396.35 

9 

4404.17 

Ih 

4404.95 

7 

4406.00 

7 

4419.42P 

6 

4421.73 

2vh 

4435.53p 

1 

4437.26 

2 

4440.24 

2 

4441 .63p 

6 

4448.27 

2 

4456.72 

3 

4459.12 

1 

4502.23 

1 

4504,90p 

7 

4511.13ln? 

Ih 

4533.59 

1 

4536.05P 

10 

4554.15Ba7 

2h 

4579.58 

1 

4610.59 

2 

4615.42 

1 


4619.00 

1 

4627.43 

7 

4639.50 

4 

4655.26 

1 

4656.60 

1 

4657.42 

4 

4664.23 

6 

4671.00 

2h 

4673.13 

3h 

4680.23 

3 

4689.52 

6 

4090.72 

Ivh 

4692.10 

3 

4693.93 

1 

4698.76 

2 

4701.27 

7 

4711.32 

1 

4722.81 

2 

4726.41 

2 

4731.22 

3h 

4748.84 

1 

4767.22 

8 

4768,62 

Ivh 

4781.01 

2vh 

4794.57C17 

10 

4802.09 

1 

4809.05 

1 

4010.05C17 

9 

4819.27C17 

8 

4823.00 

6 

4842.40 

Ivh 

4847.49 

Ivh 

4850,07 

3 

4804.75 

Ih 

4684.30 

1 

4886.83 

Ivh 

4887.30 

Ivh 

4894.42 

Ivh 

4896,73 

2 

4904.71 

2 


Angstroms 

4927.44 

4937.98 

4945.25 

4957.40 
4969.83 

4970.88 

4982.59 

5023.31 

5038.04 
5057.33 

5078.11 

5103.13 

5169.93 
5194.00 

5209.80 

5221.41 

5268.05 
5288.62 

5423.26 
5767.96 

5818.46 

5857.02 

5892.94 
6192.72 
6321.67 

6323.81 
6324.75 
6380.69 
6417.39 



THE SPECTRUM OF PLUTONIUM 


1335 


Angstroms 

2512.02 

2514.26 
2580.08 
2583.78 

2586.46 

2588.77 
2593.18 
2606.57 
2608.20 

2610.46 

2622.65 

2628.30 
2632.49 

2633.26 

2636.30 

2637.91 

2641.59 
2644.63 
2650.83 

2652.38 

2653.29 

2655.95 

2660.07 
2676.05 
2680.33 

2681.96 

2683.60 

2685.02 
2687.89 
2693.41 

2608.14 

2711.52 

2711,80 

2712.39 

2718.78 

2720,62 

2726.452 

2732.08 
2733.98 

2735.30 


Table 2 — Uncertain Lines in Plutonium Spectrum 


Angstroms 

Angstroms 

2742.05 

3026.80 

2740.32 

3037.55 

2750.64 

3040.73 

2757.00 

3050.18 

2761.64 

3060.09 

2768.94 

3064.28 

2771.94 

3175.37 

2774.54 

3180.02 

2778.74 

3190.40 

2798.20 

3191.73 

2821.31 

3233.89 

2822.19 

3275.02 

2829.58 

3299.89 

2830.36 

3399.91 

2832.45 

3400.43 

2836.69 

3403.27 

2830.39 

3403.79Cd7 

2843.77 

3427.66 

2846.40 

3431.63 

2848.01 

3438.24 

2849.88Cr? 

3451.92 

2865.62 

3467.91 

2874.20 

3474.89 

2878.81 

3460.92 

2881.49 

3539.18 

2893.57 

3583.14 

2896.74 

3583.79 

2901.91 

3584.75 

2902.60 

3588.67 

2005.88 

3590.98 

2916.85 

3600.93 

2035.15 

3604.40 

2044.10 

3633.99 

2974.24 

3637.59 

2986.10 

3640.83 

2988.00Bi? 

3643.07 

2004,90 

3647.25 

2995.28 

3653.08 

3017.20 

3677.74 

3024.89 

3718.91 


Angstroms 

Angstroms 

3760.67 

4325.63 

3817.06 

4329.31 

3826,97 

4345.07 

3865.98 

4346.63 

3939.51 

4347.51 

3944.86 

4362.63 

3946.37 

4386.23 

3947.66 

4395.47 

3960.25 

4405.86 

3974.29 

4438.23 

4001.22 

4451.46 

4005.23 

4452.71 

4013.86 

4454.56 

4021.30P 

4491.73 

4054.85 

4500.93 

4078.68 

4503.40 

4098.82 

4578.27 

4104,55 

4617.24 

4105.35 

4618.13 

4111.24 

4684.31 

4118.13 

4666.07 

4144.62 

4686.96 

4145.03 

4666.06 

4147.77 

4699.48 

4153.21 

4747.99 

4154.62 

4767.13 

4157.09 

4804.89 

4158.42 

4606.06 

4213.24 

4817.69 

4225,51 

4840.63 

4276.70 

4845.56 

4282.62 

4853.81 

4283.09 

4876.36 

4285.43 

4680.66 

4266.64 

4685.21 

4304.1’5 

4888.30 

430B.1B 

4961.72 

4309.99 

5082.03 

4310.54 

5086.29 

4315.87 

5408.50 


Angstroms 

5476.18 

5703.37 
5837.73 
5891.82 

6017.38 

6018.90 

6050.36 

6100.78 

6193.75 

6279.62 

6330.06 

6389.21 
6408,86 

6445.22 
7221.46 
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The intensities listed in Table 1 represent an attempt to Indicate 
qualitatively the appearance of the line on the plate. No attempt has 
been made to correct for the variation in sensitivity of the plate with 
wavelength, or for the two types of plates used. Hence the intensities 
are of value only in that they indicate the relative intensities of lines 
in the same region of the spectrum. The scale is made by designating 
with 0 the faintest lines that could be detected, with 1 those which are 
just strong enough to be distinguished from the 0 lines, and so on up 
the scale. Obviously, different observers will vary some in using 
such a scale, but there can be little doubt that if one line is listed as 
6 and another as 2 the former appears much stronger than the latter. 

The lines marked "p” in Table 1 are those which were found in 
both photographs. Some of the lines listed in the previous report on 
the 20-4g sample^ were not found in the second photograph. In some 
cases that difference can be attributed to differences in the back- 
ground spectrum which interfere with the observations, but some 
must be classed as accidental fluctuations in the background and 
these were interpreted as lines. On the other hand, some strong 
lines in the second photograph were not found with the small sample 
because of interference from silver lines; for example, the line at 
3965.48 A was not separated from the silver line at 3985.19 A in the 
first photograph. 

Lines marked with a dagger were also found in the second order. 

Other markings are as follows; bh, possible band head; h, a hazy 
line; and vh, a very hazy line. 


REFERENCE 
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THE QUANTITATIVE MICRO DETERMINATION OF PLUTONIUMt 

By C, W. Koch 


It has become desirable for some purposes to have a method for 
the analysis of plutonium more dependable than counting procedures, 
and since, in oiur work, micro quantities could be used, a method was 
devised using an approximately 2.5-mg sample of plutonium. 

Aliquots of a standard plutonium(IV) sulfate solution (4.961 mg of 
plutonium per milliliter) were reduced with zinc, and plutonium(III) 
was determined volumetrically by oxidation with ceric sulfate to 
plutonium (rv). The indicator that was used was the ferrous complex 
of o-phenanthroline. 

The plutonium sulfate was standarized by two different methods; 
first, by evaporating a measured aliquot of the plutonium solution to 
dryness and then igniting to the oxide, the oxide being weighed to con- 
stant weight on a microbalance. The second method used was to count 
measured aliquots of the solution and compare them with prepared 
standards of the same magnitude. The average value of these two 
methods was taken as the true concentration of the solution. The two 
methods checked to within ±0.1 per cent. 

Aliquots of the standard plutonium sulfate solution were run through 
a small Jones reductor of 5 mm inside diameter and 14 cm length. 
The outlet of the reductor was turned so that it touched the side of the 
25 -ml Erlenmeyer flask used as a receiver in order that no splashing 
would occur. The pipet, calibrated for total delivery, was washed out 
into the reductor four times with IN HgSO, to ensure quantitative 
transfer of the plutonium, and the reductor was then washed with 
0.5 -ml portions of IN H^SO^ until the volume in the receiver was 
approximately 10 ml. The plutonlum(in) was titrated to plutoniumQV) 
with 0.004515M ceric sulfate. Stirring was done with a mechanical 
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stirrer. The buret tip consisted of capillary tubing for approximately 
2 in. to prevent any appreciable diffusion of the ceric sulfate from the 
tip, which was immersed in the solution during the titration to avoid 
splashing. The results are presented in Table 1 . 

Two titrations were made by adding a threefold excess of ceric sul- 
fate to the plutonium (m) and allowing this solution to stand for 2 hr 
before titrating the excess ceric ion with ferrous ammonium sulfate. 
One solution was IN in other was 5N in 1^804. These 

two samples gave results 8 per cent and 7 per cent high, respectively, 
indicating only slow oxidation past the tetrapositlve state. 


Table 1 — Results of Plutonium Determinations 
Ce(IV), 0.00451 5M; indicator, 20 microliters of 0.025M Fe(n) orthophenanthrollne 



Used in 

Vol.of 






titration, 

blank. 

True vol., 

Pu found, 

Pu present, 


Sample 

ml 

ml 

ml 

mg 

mg 

Error, % 

1 

2.441 

0.118 

2.323 

2.507 

2.507 

0 

2 

2.403 

0.118 

2.285 

2.466 

2.507 

-1.6 

3 

2.447 

0.118 

2.329 

2.513 

2.507 

0.20 

4 

2.439 

0.118 

2.321 

2.504 

2.507 

-0.12 

5 

2.441 

0.118 

2.323 

2.507 

2.507 

0.0 

6 

2.446 

0.118 

2.328 

2.512 

2.507 

0.20 

7 

2.439 

0.118 

2.321 

2.504 

2.507 

-0.12 

B 

2.445 

0.118 

2.327 

2.511 

2.507 

0.16 


The blank of 0.118 ml includes indicator and Tones reductor blanks 
and appears to be reproducible to ±0.003 ml. However, care must be 
taken to wash the Jones reductor thoroughly before use because much 
larger blanks are obtained if this precaution is not taken. After the 
reductor had stood for longer than 30 min it was usually washed with 
20 to 25 ml of IN H2SO4 before a sample was introduced. 

To determine the end point accurately and consistently, daylight is 
much better than artificial light. Also, it is much easier to obtain 
uniform end points if a blank is prepared in which the correct amount 
of indicator has been added to a small excess of ceric sulfate, so that 
the color of the indicator is definitely blue. Then titrations on sam- 
ples are rxm until the color of the sample Just reaches that of the 
blank. 

Summary . A quantitative method for the determination of plutonium 
using ceric sulfate has been developed. A Jones reductor is used to 
reduce all the plutonium to plutonium(in), and the plutonlum(in) is 
then titrated to plutonlumttV) with ceric sulfate. The ferrous complex 
of o-phenanthroline is the indicator used. The reproducibility on 
2. 5 -mg samples of plutonium is ±0.25 per cent. 
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THE TRACER CHEMISTRY OF AMERICIUM AND CURIUM 
IN AQUEOUS solutions! 

By S. G. Thompson, L. O, Morgan, R. A. James, and I. Perlman 


1. INTRODUCTION 

During the past fevr years the chemical properties of the trans> 
uranium elements have aroused considerable interest and acquired 
Importance in fundamental chemistry and physics as well as in more 
practical applications. Significant progress toward an understanding 
of the chemistry of these elements has been made by the use of 
tracer methods, in which the behavior of an element at extremely 
low concentrations is followed by means of its radioactivity. Since 
all known isotopes in this particular region in the periodic table are 
radioactive, tracer methods may be used effectively, but it is com- 
monly necessary to separate the isotope of the element under investi- 
gation from other radioactive elements. Studies on the chemistry of 
plutonium have served adequately to establish the reliability of the 
tracer methods, which more recently have been applied in the study 
of americium and curium. 

The discovery of americium (element 95, symbol Am) by Seaborg, 
James, and Morgan^ and the discovery of curium (element 96, symbol 
Cm) by Seaborg, James, and Ghiorso^ were aided by the hypothesis 
that these elements are members of an "actinide series" in which 
the (in) oxidation states are chemically similar to the (m) rare-earth 
elements. According to this hypothesis’ the relation of actinium to the 
actinide series is analogous to that of lanthanum and the succeeding 
fourteen rare-earth elements. Thus the first 5f electron might appear 


tContribution from the Department of Chemistry and the Radiation Laboratory, Uni- 
versity of California, Berkeley, and from the Chemistry Division of the MetalluTKlcal 
Laboratory, University of Chicago, now the Argonne National Laboratory, 
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in thorium, just as the first 4f electron appears in cerium. If this 
hypothesis were correct, it seems likely that both americium and 
curium would be predominantly (m) in aqueous solutions. This has 
been found to be true of both elements. Americium was found in the 
rare-earth fraction separated from plutonium that had been bom- 
barded with deuterons In the 60 -in. Berkeley cyclotron. Similar be- 
havior was demonstrated in the case of curium following bombardment 
of plutonium with a particles. 

Following their discovery, americium and curium were produced 
in quantities sufficient to permit more extensive investigation of their 
chemical properties by tracer methods. This program together with 
that involving the study of the nuclear properties of these elements 
required the development of methods for the separation of americium 
and curium from other elements, particularly the rare-earth fission 
products. These objectives were accomplished but only after the 
examination of several different methods. The frequently necessary 
determination of the composition of a -emitting isotopes of americium 
and curium was accomplished by means of a sensitive a -pulse ana- 
lyzer. In experiments involving only one of the two elements, ordinary 
a counters were used. 

In the following discussion no attempt is made to present complete 
experimental details. Rather, attention is focused only on those ex-< 
periments which are believed to be most significant even though not 
entirely conclusive. Hitherto unreported work of investigators other 
than the authors is included. 

2. EXPERIMENTAL WORK 

2,1 Insoluble Compounds of Am(ni) and Cm(ni) . (a) Fluorides . 
Lanthanum fluoride has been employed as a satisfactory carrier for 
Am(in) and Cm(in) in both nitric and hydrochloric acid solutions. The 
conditions are not critical, and those most commonly employed in the 
absence of interfering ions are: IN HNO3,0.2 mg of La per milliliter, 
IN HF, a few minutes’ digestion at room temperature, and separation 
of the flocculent LaFg by centrifugation. Ions that inhibit the precipi- 
tation of LaF, decrease the completeness of separation of americium 
and curium; such ions include A1(III), Fe(IIl), and others that form 
complex fluorides. There is a difference in the behavior of Am (III) 
and Cm(III) as compared with the rare-earth elements in the pres- 
ence of fluosillclc acid. In the presence of fluosillclc acid the rare 
earths are precipitated more completely than are Am(in) and Cm(in). 
This provides a useful and comparatively rapid method for the sepa- 
ration of Am(III) and Cm(III) from the rare-earth elements as a 
group. This method is discussed in more detail in a later section. 
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Work done thus far suggests that the solubiUties of AmFaand CmF 3 
are of the same order of magnitude as that of LaFg, On the basis of 
the properties of the preceding members of the actinide series (i.e., 
thorium, protactinium, uranium, neptunium, and plutonium) it seems 
likely that AmF 3 and CmFg are isomorphous with LaF 3 . Obviously 
LaF 3 is not the only satisfactory fluoride carrier. The rare-earth 
and rare -earth-like fluorides in general are good carriers, e.g., 
CeFg and YFg, both of which have been used satisfactorily. 

(b) Oxalates , Both lanthanum oxalate and bismuth oxalate precipi- 
tated from nitric acid solutions have been employed satisfactorily as 
carriers for Am(III) and Cm(in). From solutions containing high 
concentrations of oxalate ion (e.g., at high pH in solutions containing 
ammonium hydroxide), complete precipitation of lanthanum oxalate 
leaves Y(IU) in solution but Am(IIl) exhibits behavior intermediate 
between lanthanum and yttrium. Under these conditions the copre- 
cipitation of Am(III) by oxalates appears to be greatly influenced by 
temperature. At elevated temperatures (e.g., 90®C) almost complete 
precipitation of bismuth oxalate leaves most of the Am(lll) (approxi- 
mately 75 per cent) and Y(III) (approximately 90 per cent) in solution. 
If the solutions are first cooled to room temperature, nearly all the 
Am(in) (approximately 90 per cent) is carried, but most of the Y(III) 
remains in solution. However, at higher acidities, such as 3N HNOg, 
the concentration of oxalate ion is less, the complexing action of the 
oxalate ion is minimized, and Am(ni) is carried more nearly com- 
pletely by bismuth oxalate than is La(in). This suggests that Am(in) 
oxalate is more insoluble than lanthanum oxalate. Under similar 
conditions, however, Y(ni) is less completely carried, and the de- 
creasing order of solubilities of the oxalates appears to be 

Y > La > Am 

In reaching this conclusion it is assumed that the equilibrium effects 
are not obscured by rate phenomena. 

These results indicate that Am (111) exhibits a tendency toward the 
formation of a soluble complex oxalate. Under conditions favorable 
to the formation of such a complex, the carrying of americium shows 
a marked dependence on temperature. At low temperatures and high 
pH values a fairly good separation of Am(in) from Y(III) may be 
obtained. 

Less extensive studies on the behavior of curium oxalate have 
provided no evidence of separation of curium from americium over a 
wide range of experimental conditions. It seems very likely that the 
two elements are quite similar in their chemical properties. 
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(c) Phosphates . From information available at this time it appears 
that the solubilities of AmPO^ and CmPOt^ are comparable to those of 
CeP 04 and LaPO^. Zirconium phosphate precipitated from soiuticmS 
containing nitric acid at concentrations greater than IN carries only 
a small proportion of the Am(in) and Cm(in) present. The fraction 
carried increases with decrease in acidity and Is decreased by the 
presence of certain ions, notably Fe(III). 

Lanthanum phosphate precipitated from O.IM ammonium citrate 
solutions at pH approximately 2 and phosphate concentrations of 0.5M 
has been a useful carrier for Am(in). Good yields of Am(ni) were 
obtained when this method was used to separate Am(in) from large 
amounts of calcium in nitrate solutions. 

(d) lodates . The behavior of the iodates is similar to that of the 
phosphates although the carrying of Am(III) and Cm(III) by compounds 
such as Ce(IV), Th(IV), or Zr(IV) lodates is less dependent on hydro- 
gen-ion concentration than it is in the case of the phosphates. Even 
at high concentrations of nitric acid (e.g., 5N to 6N) in the presence 
of BrO^ or Ag(ll), more than 50 per cent of the Am(in) or Cm(in) 
may be carried by Ce(I 03)4 or Zr(I 03 ) 4 . However, the carrying is 
quite erratic and under roughly comparable conditions may vary 
between 5 and 70 per cent in extreme cases. The reasons for these 
deviations are not known, but similar behavior has been observed in 
the case of the carrying of rare-earth elements that do not have 
oxidation numbers greater than 3. It seems probable that conditions 
for satisfactory carrying of Am(in) and Cm(ni) by iodates are criti- 
cal, perhaps with respect to variables such as temperature and time 
of digestion. 

(e) Hydroxides . It is evident from a very large number of obser- 
vations that the hydroxides of americium and curium exhibit solu- 
bilities comparable to those of the rare-earth hydroxides. At tracer 
concentrations, Am(III) and Cm(in) are carried essentially completely 
by a wide variety of Insoluble hydroxides, and precipitations with both 
ammonium hydroxide and potassium hydroxide fall to provide evidence 
of either complex cation formation or amphoterlsm. There is evi- 
dence that the hydroxide of americium is somewhat less soluble than 
that of lanthanum. 

Lanthanum hydroxide has been used effectively to separate Am(in) 
from solutions containing calcium. Precipitation is performed by the 
addition of a moderate excess of ammonium hydroxide. The per- 
centage of calcium carried by the precipitate appears to be greater 
than that carried by lanthanum phosphate, as mentioned in Sec. 2.1c. 

2.2 Soluble Compounds of Am(in) and Cm(in) . The solubilities 
of the nitrates, halides, and perchlorates of Am(in) and Cm(III) are 
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prdbably similar to those of the corresponding compounds of the 
rare-earth elements. The sulfides and sulfates appear to be moder- 
ately soluble. 

2.3 Behavior of Americium and Curium In Conventional Rare- 
earth-group Separations . Comparison of the behavior of americium 
and curium with the rare-earth elements in conventional procedures 
for their separation has been made. The method used was a modifi- 
cation of a part of a procedure described by Noyes and Bray.^ Ap- 
proximately equal quantities of americium and curium a activities 
were used as a mixture. Unfortunately it was not possible to deter- 
mine the percentage of each component in the fractions resulting from 
the chemical separations since adequate equipment for such determi- 
nations Was not available at the time the experiment was performed. 
However, in view of the marked similarity of americium and curium 
as demonstrated by other experiments, it seems reasonable to assume 
that the two elements exhibited similar behavior in the experiment 
described below. 

The americium-curium tracer mixture was added to a 3M HCl 
solution containing the elements indium, cerium, lanthanum, yttrium, 
samarium, praseodymium, europium, scandium, and gadolinium at 
equal concentrations. These elements were precipitated as fluorides, 
separated, and leached with concentrated ammonium fluoride solution. 
The teachings (scandium fraction) contained less than 1 per cent of 
the total a activity. The fluorides were then converted to hydroxides, 
which were dissolved in 6M acetic acid. Saturation of this solution 
with hydrogen sulfide produced 10283 , which was separated and found 
to contain about 10 per cent of the total a activity. The solution was 
heated to expel the hydrogen sulfide and then evaporated to dryness. 
Ce(in) was oxidized to Ce(IV) by heating with nitric acid and potas- 
sium perchlorate, after which 00 ( 103)4 was precipitated, separated, 
and found to contain about 20 per cent of the total a activity. The 
remaining elements were precipitated as hydroxides and converted to 
chlorides. The chlorides were dissolved in 45 per cent K 2 CO 3 , diluted 
to a potassium carbonate concentration of 10 per cent, and heated for 
2 hr in a nickel crucible. The cerium-group precipitate was separated 
and found to contain about 30 per cent of the total a activity; the 
remaining 40 per cent was retained in the soluble fraction containing 
the yttrium -group elements. 

The results of this experiment show that americium and curium 
are similar to the rare-earth elements. The new elements exhibit 
no tendency to follow scandium and are not carried appreciably by 
indium sulfide. In potassium carbonate solutions americium and 
curium seem to distribute themselves throughout the rare-earth group 
as a whole rather than to fall at either end of the series. 
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In separating small amounts of americium or curium In pure form 
from other elements some of the steps that have been effective are 
as follotvs: 

1. Carry with LaF, or CeF,. 

2. Ignite to oxide or convert to hydroxide by metathesis with potas- 
sium hydroxide. 

3. Separate insoluble sulfidesfrom approximately 0.3N HCl, leaving 
Am(III) in solution. 

4. Precipitate La(OH), or Ce(OH )3 and Am(OH), with excess am- 
monium hydroxide, 

5. Separate rare earths from Am(in) or Cm(in) by at least one of 
the following steps: 

a. Use adsorption-elution method with Dowex-50 resin as de- 
scribed below (also separate americium from curium). 

b. Use fluosillcate procedure described below. 

c. Precipitate americium from potassium carbonate solutions by 
oxidation with hypochlorite. 

2.4 Use of Fluosilicic Acid in the Separation of Americium and 
Curium from the Rare-earth Elements . Lanthanum (or rare-earth) 
fluoride carriers for Am(in) and Cm(III) tracers have often been 
employed successfully in glass equipment when the time of contact 
with hydrofluoric acid solutions was short. However, after overnight 
contact between glass and 6M HF, it was found that CeF, failed to 
carry Am(in) and Cm(IIl) tracers completely. Further study showed 
similarly poor carrying of Am(in) and Cm (HI) when HjSiF, was added 
to precipitate the rare-earth carrier when lusteroid or other plastic 
containers were used. Other experiments led to the elimination of 
hydrofluoric acid and an increase in the amount of rare -earth carrier. 
Under these conditions the carrier precipitate is believed to be a 
fluoride rather than fluosillcate. 

With this procedure americium and curium were separated effec- 
tlvely^ from yttrium, lanthanum, praseodymium, neodymium, element 
61, and europium, as well as from cerium, by a separation factor of 
10*. The work of S. Peterson^ has shown that the behavior of AcdH) 
toward HgSlF, is similar to that of Am(ni). Thus the use of KgSiF, 
provides a group separation of the (HI) rare-earth elements from 
Am(III) and Cm(in). Although other methods provide more satis- 
factory separations from lanthanum or from single rare-earth ele- 
ments, they do not permit a sharp group separation. 

Apparently the optimum procedure for the use of fluosillcate is as 
follows: To a 5M HNO, solution containing Am(ni) and/or Cm(in) 
tracer is added (in the form of a concentrated solution) 5 to 10 mg of 
Ce(in) per milliliter of the 5M HNO, solution. This is heated to 35 to 
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40° C, and 30 per cent HgSiFg solution is added slowly, with stirring, 
over a period of to 1 hr until the total volume is 1% times the 
volume of the original 5M HNO, solution (i.e., a final HjSiFg concen- 
tration of approximately IM) and is then digested at 35 to 40° C for an 
additional Vz to 1 hr. 

After application of this procedure followed by separation of the 
rare-earth precipitate, the solution is usually found to contain about 
70 to 85 per cent of the americium and/or curium and about 8 to 
10 per cent of the rare earths. Americium and curium may then be 
removed from solution by making the fluosilicate solution 5M in HF, 
whereupon residual rare earths in the solution (0.5 to 1 mg per milli- 
liter) precipitate as fluorides and carry approximately 97 per cent of 
the americium and curium. If necessary, Ce(in) carrier maybe added 
[0.5 mg of Ce(in) per milliliter of fluosilicate solution] if the solution 
does not contain a sufficient concentration of rare-earth elements to 
act as the carrier. If further separation of americium and curium 
from the rare earths is desired, additional fluosilicate cycles may be 
used. The rare-earth fluoride precipitate (containing the americium 
and curium) is converted to hydroxide by agitation and digestion with 
hot concentrated potassium hydroxide solution for several minutes. 
Following centrifugation, the clear supernatant solution is withdrawn, 
more potassium hydroxide solution is added, and the above treatment 
is repeated. Finally, the hydroxide precipitate is separated, washed 
with water, and dissolved in nitric acid; the resulting solution is used 
in another fluosilicate cycle. 

In a typical fluosilicate cycle the completeness of precipitation of 
rare-earth elements increases with increase in time of digestion, but 
it reduces the proportion of americium and curium remaining in the 
solution. This relation is shown in Fig. 1. After digestion for 2 hr, 
about 75 per cent of the americium and 4 per cent of the cerium 
remain in solution. The rate of precipitation of both americium and 
rare earths Increases with increase in temperature or decrease in 
the concentration of nitric acid. Decrease in the concentration of 
HgSlFg leads to poorer separation of americium and curium from rare 
earths, but the separation is not improved by making the HjSiFg con- 
centration greater than IM, and effective separation is favored by 
slow rate of addition of H,SiF,. La(ni), Y(m), and Ce(ni) are equally 
good carriers, and the rare-earth carrier precipitates serve to sep- 
arate small amounts of Th(IV) and Pu(IV) rather completely. Precip- 
itation of the rare-earth fraction is inhibited by Zr(IV) but is not 
significantly Influenced by the presence of Fe(in). 

Experiments employing fluomolybdate and fluoborate substitutes 
for fluosilicate have led to less satisfactory separations. 
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The experiments using fluosilicates to separate actinide and lan- 
thanide elements suggest that rare-earth fluorides may be more 
Insoluble than the fluorides of Am(in) and Cm(III) although the dif- 
ferences may not be very large. It may also be true that complex 



TIME after addition OF FLUOSILICIC ACID (HOURS) 


Fig. 1 — Comparison of precipitation of Am, Cm, and rare-earth elements as a func- 
tion of time from fiuosiiJcate solutions using cerium(in) carrier, 

fluorides of the type AmF^, in which a difference in the stability of 
actinides and lanthanides exists, are involved. It should be empha- 
sized that it is in this fluoride-fluosillcate system that the greatest 
differences in properties between Am(in) or Cm(III) and the rare 
earths have been observed. 
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2.5 Attempted Oxidation of Am(III) and Cm(IIl) in Aqueous Me- 
diums . Demonstration of the existence of oxidation states other 
than (m) for americium and curium is of interest not only in relation 
to possible methods of separation but also because of its importance 
in connection with the actinide hypothesis. Since americium and 
curium would be analogous to europium and gadolinium, respectively, 
americium would be expected to be more readily convertible to other 
oxidation states than curium. Because americium is preceded by 
actinide elements that exhibit oxidation states higher than are en- 
countered among the corresponding rare-earth elements, the proba- 
bility of oxidation states higher than the (ni) should be greater for 
americium than for europium. Such speculations, however, should 
recognize the possibility of a marked trend toward stabilization of the 
(m) state. 

These expectations are indeed borne out by the results of tracer 
experiments. There is evidence that Am(Ill) may be oxidized and 
reduced in aqueous solutions, but the resulting oxidation states have 
not been definitely identified^ and these changes may be brought about 
only by the use of the most powerful oxidizing and reducing agents. 
Similar experiments involving Cm(in) provided no evidence whatever 
of either oxidation or reduction. These results provide strong evi- 
dence in support of the actinide hypothesis. 

(a) Basic Mediums . Attempts have been made to oxidize Am(ni) 
and Cm(IIl) by using the strongest oxidizing agents under a variety of 
conditions. The best possibility seemed to involve the use of oxidizing 
agents such as peroxide and hypochlorite in basic solutions, and 
several experiments employing these reagents have been performed. 
In basic solutions, however, there are few if any carriers that may 
be used to distinguish between Am(IlI) or Cm(in) and their oxidation 
products. If the hydroxides of higher oxidation states are insoluble 
(as might be expected by analogy with neptunium and protactinium), 
these, as well as the (m) state of americium and curium, would most 
likely be carried by any insoluble hydroxide carrier. Thus the iden- 
tification of higher oxidation states of americium or curium would 
probably require the use of a selective complexing agent that would 
exhibit stability in strongly basic mediums. The latter requirement 
is unlikely to be satisfied, particularly by organic complexing agents. 

Attempts have been made to use potassium carbonate as the com- 
plexing agent and peroxide as the oxidizing agent. It was anticipated 
that an insoluble peroxide of Am(>III) might be produced and might 
coprecipitate with perceric hydroxide (CeOj ’ 21120 ) or thorium perox- 
ide precipitated from the same medium. At the same time it was 
expected that Am(ra) and the rare-earth elements would remain 
complexed in the carbonate solution and consequently would not co- 
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precipitate with the carrier unless oxidation occurred. Treatment 
with 5 per cent HjOj by weight in 20 per cent K 2 CO, solution over a 
period of 15 min at room temperature appeared to cause nearly com- 
plete precipitation of cerium as Ce0,'2H,0 or of thorium peroxide, 
but these precipitates carried less than 2 per cent of the americium- 
tracer and 3 per cent of the lanthanum-tracer activity. Thus there 
was no evidence of oxidation of Am(in) over a short period of time. 
However, it would seem worth while to extend the time for reaction 
under a variety of experimental conditions. 

L. B. Werner and I. Perlman^” have found that Am(III) in concentrated 
solutions of potassium carbonate may be converted to a higher oxida- 
tion state [probably the (V) state] and carried from the carbonate 
solution by precipitation of a Pu(V) compound. Conversion of ameri- 
cium to the higher oxidation state occurs in the presence of hypo- 
chlorite. Separations of americium from curium and rare earths 
have been made using this procedure, but plutonium is not an ideal 
carrier because of the ease with which it is converted to oxidation 
states other than the (V) state in which it does not precipitate from 
carbonate solutions. A carrier that would make rapid, efficient sepa- 
rations possible has not been found. 

(b) Acidic Mediums . Oxidation of Am(III) and Cm(III) has been 
attempted by use of f^Cr^O,, KMnO^, NaBiO,, and Ag(n) -K 2 S 2 O, . Only 
the experiments involving potassium bromate provided any evidence of 
oxidation of Am(III), and it is not clear why this reagent alone should 
lead to such results. Work relatingto potassium bromate is described 
below. In connection with the use of various oxidizing agents, attempts 
have been made to employ solvents that are immiscible with water 
and nitric acid. These experiments are discussed in the section on 
solvent extraction. 

1. Potassium Bromate in Nitric Acid Solutions . Early attempts to 
separate americium from rare -earth elements involved the separation 
of cerium by reprecipitation of Ce(IO ,)4 after oxidation of Ce(in) to 
Ce(IV) by means of BrOJ. This method was used successfully for 
some time. In most cases 10 to 20 per cent of the americium tracer 
was carried by CeUO,)^ when the latter was precipitated at room 
temperature from 5M to 6M HNO, at an iodic acid concentration of 
approximately 0.4M. In later experiments, however, it was found 
sometimes that as much as 90 per cent of the americium was carried. 
This suggested that Am(III) was being oxidized by BrO,", perhaps to 
Am(IV), which was carried nearly completely by Ce(10,)4. Subsequent 
experiments designed to explore this possibility further led to re- 
sults that are certainly not conclusive. In some cases treatment with 
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potassium broma,te in concentrated nitric acid led to enhanced car- 
rying of americium by Ce(10^\. In other experiments there was no 
detectable difference in the carrying of either americium or curium^ 
and both were carried to the extent of about 50 per cent. Since it was 
not expected that curium would be carried and since a similar erratic 
behavior has been demonstrated in the case of coprecipitation of the 
lanthanum tracer by CeftOg)^, it seems evident that a more thorough 
study of variables should precede conclusions regarding the oxidation 
of either Am(III) or Cm(ni). 

Attention has been called to the fact that bromate is the only oxi- 
dizing agent that has provided evidence for the existence of Am(>III) 
at tracer concentrations in acidic aqueous solution, and that other 
oxidizing agents such as argentic ion and sodium bismuthate failed to 
provide similar evidence. No e?q)lanation is available for the erratic 
behavior of bromate ion. 

Attempts to oxidize Am (in) by bromate at high temperatures were 
unsuccessful, perhaps because the rate of decomposition of bromate 
and the liberation of bromine increase greatly at high temperatures. 

After oxidation by means of bromate in concentrated nitric acid 
had been tried, attempts were made to use zirconium phosphate as a 
carrier for Am(>IIl). This compound may be precipitated rather 
completely at high concentrations of nitric acid, and the phosphate 
of Am(IV) would be expected to be sufficiently insoluble to permit 
coprecipitation at nitric acid concentrations between 5N and ION. By 
analogy with the carrying of Pu(IV), that of Am(IV) should certainly 
be greater than 50 per cent under these conditions. However, oxi- 
dation with bromate in concentrated nitric acid followed by precipi- 
tation of Zr(IV) phosphate from 8 M HNOj -0.5M H 3 PO 4 carried only a 
few per cent of the americium tracer and provided no evidence for a 
separation of americium and curium. Failure of coprecipitation with 
zirconium phosphate might be due to the fact that the americium did 
not exist as Am(>III) at the time of precipitation owing to. inadequate 
Initial conditions of oxidation or to reduction that may have occurred 
on dilution to lower acidity during carrier precipitation. On the other 
hand, the americium may have been converted to an oxidation state 
[other than Am(IV)] that is not carried by zirconium phosphate. 

2. Argentic Ion in Nitric Acid Solutions. One of the first oxidizing 
agents used in attempts to oxidize Am(in) was argentic ion formed 
fi^om silver nitrate and potassium or ammonium persulfate in nitric 
acid solutions. At acidities ranging from 0.5M to lOM HNO3, evidence 
of oxidation was not obtained using zirconium phosphate as the car- 
rier. Certain experiments involving zirconium phosphate at high 
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cottcentritims of nitric acid employed mixtures of americium and 
curium, and the percentage of each carried was determined. Differ- 
ences attributable to oxidation of Am(III) were not observed. 

In other experiments differences in completeness of coprecipitation 
as a fimctlon of acidity were anticipated and realized. In 3M HNO,- 
O.IM H3PO4, zirconium phosphate in some cases carried as much as 
25 per cent of the americium. The percentage of the americium 
carried decreased with increase in the concentration of acid. This 
was probably due to enhanced solubility of americium phosphate. 

3. Other Oxidizing Agents . Attempts to obtain evidence of oxidation 
of Am(III)by use of the oxidizing agents listed below were unsuccess- 
ful. The conditions and carriers employed are as follows: 

KgCrjO,: IM to 5M HNO,; heating at 50 to 95° C for as long as 2 hr; 
LaFj, Zr3(P04)4, and 00(103)4 carriers. (The carrying was always 
comparable to that found using rare-earth tracers.) 

NaBi03: IM to lOM HNO3; 25 to 60°C; 5 min to 2 hr; LaF, and 
Zr,(P04)4 carriers. (The carrying was typical of (ni) rare-earth ele- 
ments.) 

KMn04: IM to lOM HNO3; 25 to 75° C; approximately 1 hr; MnOg 
carrier. (Carrying was essentially the same for americium and 
lanthanum.) 

2.6 Oxidation of Am(lll) and Cm(lll) by Fusion with Sodium Ni- 
trate . Rare-earth separations that depend on the production of higher 
oxidation states of certain rare-earth elements other than cerium 
(e.g., praseodymium and terbium) have been reported in the litera- 
ture. One such method'' involves oxidation by fusion with sodium 
nitrate, followed by dissolution in an acetate -buffered solution, which 
leaves the higher oxides undlssolved. Thus a reasonably good sepa- 
ration of lanthanum from praseodymium may be accomplished. Ac- 
cording to the actinide hypothesis it might be expected that americium 
would follow praseodymium and curium would follow lanthanum in 
such a separation. 

At the time these experiments were performed, evidence for the 
oxidation of Am(III) was lacking. It was believed, however, that in 
view of the known behavior of these rare-earth elements, fusion with 
sodium nitrate offered promise as a means of oxidation of Am(IlI) . A 
separation of americium from curium was obtained by this method. 
The undissolved oxide fraction contained a higher proportion of amer- 
icium than the curium, whereas the aqueous teachings contained a 
higher proportion of curium than of americium. The change in the 
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r2tio of stinoriciuni to curium, however, W3.s not grat enoug'h to 
provide a satisfactory separation of the two elements. 

In three separate experiments, each using a different rare-earth 
carrier, the maximum change in the americium/curium ratio was 
obtained using terbium as carrier. Initially, the americium/curium 
tracer ratio was 1.14/1. After fusion for 1.5 hr at 460‘’C followed by 
leaching, the ratio in the TbOj was 2.0/1. With PrOj and CeOj, the 
ratios were 1.5/1 and 1.3/1, respectively. In all these experiments 
lanthanum equivalent to the oxidizable rare-earth carrier was added 
as a holdback agent. 

2.7 Reduction of Am(in) and Cm(in) in Aqueous Media , (a) Use 
of Zinc Amalgam . Early in the search for methods for the separation 
of americium from curium and other elements, the possibility of 
reduction to Am(II) was investigated. It was anticipated that the 
solubility of AmSOf would be similar to that of EuSO^. Accordingly 
the reduction of Am(in) by means of zinc amalgam was attempted, 
and Eu(ni) was used for comparison. In this experiment a solution 
containing Eu(III) and Am(ni) tracer was passed through the reduction 
column and into sulfuric acid solution, whereupon EuSO^ precipitated. 
Throughout these operations an inert atmosphere was maintained in 
the entire system. Since a major fraction of the americium was not 
carried by the EuSO^, it appears that AmS04 is not carried well by 
EuSO^ or, more probably, that Am(III) is not reduced by zinc amal- 
gam. If the latter conclusion is correct, the potential of the couple 
Am(II) = Am(IlC + e" under these conditions must be more positive 
than that of the couple, Zn = Zn(II) + 0.76. 

(b) Use of Sodium Amalgam . In subsequent attempts to reduce 
Am(III) , sodium amalgam was used as the reducing agent In a method 
similar to that employed by J. K. Marsh* in the separation of certain 
of the rare-earth elements. A sulfuric acid solution containing La(III), 
Sm(ra), and Eu(nl) together with Am(ffl) and Cm(m) tracers was 
shaken with sodium amalgam. The resulting precipitate of EUSO4 and^ 
SmS04 separated and leached rapidly with cold dilute nitric acid. 
(According to Marsh this treatment dissolves SmS04 and leaves most 
of the EUSO 4 undissolved.) About 40 per cent of the americium tracer 
and 20 per cent of the curium tracer were found in the soluble frac- 
tion. The increase in the americium/curium ratio in the Samarium 
fraction suggests that Am(lII)may have been partly reduced to Am(ll). 

(c) Use of Bari""! The results obtained by the use of sodium 
amalgam suggested other experiments which might not only confirm 
the existence of Am(Il) but also provide a method for the separation 
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of americium and curium based on differences in oxidation state. In 
the separation of americium and curium following reduction with 
sodium amalgam, the carrying of Am(II) by the mixture of EuSO^ and 
SmSO, might not be particularly selective in comparison with the 
carrying of Am(in). A better separation might be accomplished by 
the use of a more selective carrier such as barium chloride. Barium 
metal and concentrated hydrochloric acid containing americium and 
curium tracers were employed, and a precipitate of BaClj formed 
as the barium dissolved slowly over a period of about 5 min. The 
americium/curium ratio in the original hydrochloric acid solution 
was 0.9 whereas that found in the BaCl, precipitate was 1.4. 

2.8 Comparative Behavior of Americium, Curium, and Rare-earth 
Elements toward Adsorption on Cation-exchange Resins and Elution 
with Ammonium Citrate , (a) Amberlite IR-1 Resin . A method for 
the separation of rare-earth elements by adsorption on an Amberlite 
IR-1 resin followed by selective elution with ammonium citrate has 
been devised by W. Cohn and his associates.” Further development of 
the method by Cohn, F. H. Spedding,*” and their coworkers has led to 
the efficient separation of many of the rare-earth elements by this 
method. In view of the similarity between americium and the rare- 
earth elements in other systems, it was obviously worth while to 
study their behavior in the IR-1 citrate system from the standpoint of 
possible separations. 

Preliminary experiments employed a 12-in. column of 1 cm I.D. 
packed with 40- to 60-mesh IR-1 resin. The resin was washed with 
O.IM HCl, and the excess acid was removed by washing with water. 
A mixture of AmOn) and, for example, Y (in') tracers was adsorbed 
on the column from a O.IM HCl solution. After displacement of the 
residual acid with water, 5 per cent ammonium citrate solution (pH = 
2.75) was passed through the column, and the elutrient was collected 
in a number of small fractions. These were analyzed separately for 
both americium and yttrium activities. 

From this and similar experiments involving comparison of ameri- 
cium with other elements, the decreasing order of rate of elution was 
found to be: Y > 61 > Am > Ce > La. Americium falls between ele- 
ment 61 and element 58 (cerium) and was more similar to element 61 
fn this system. 

Other experiments designed to separate americium from several 
of the rare-earth elements employed a 6-ft column. Some separation 
was accomplished, and rare-earth elements in the region of element 
61 were separated by a factor of approximately 2. 
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Peterson’s work" on the adsorption and elution of actinium has 
shown that it is more slowly eluted from IR-1 with citrate than is 
lanthanum. Thus the decreasing order of rate of elution of actinium 
in comparison with members of the actinide- and lanthanide -series 
elements is as follows: Y > 61 > Am > Ce > La > Ac. Hence it ap- 
pears that the behavior of the elements of the actinide series (with 
respect to adsorption and elution) is similar to that of the rare earths. 
Differences between individual members of each series must be of 
about the same magnitude and in the same direction with increase in 
atomic number. 

The difference in behavior of actinide and lanthanide elements in 
fluosilicate solutions suggested an experiment in which a mixture of 
Am(in) and La(in) were adsorbed on IR-1 resin and were eluted with 
fluosilicate. In this case the two were removed from the column at 
approximately the same rate. 

(b) Dowex-50 Cation Exchange Resin . The application of Dowex-50 
resin to the problems of separating Am(in) and Cm(ni) from each 
other and from other elements was remarkably successful. It was 
much superior to Amberllte IR-1 resin not only in the rates at which 
separations could be made but also in the degree of separation as 
shown by the sharpness of the bands in the elution curves. Other 
methods such as the fluosilicate procedure had been more success- 
fully used than the IR-1 method in the separations of americium and 
curium from fission-product elements. 

The use of Dowex-50 for the americium -curium separations was 
initiated at Berkeley by B. B. Cunningham as a result of the success- 
ful work of E. B. Tompkins" and others at Clinton Laboratories who 
were using Dowex-50 for rare-earth separations. Tompkins and Cohn 
supplied some of the new resin, and Tompkins came to Berkeley to 
participate in some of the experiments. The best results were ob- 
tained with Dowex-50 colloidal aggregates, although the characteris- 
tics trf this resin varied from batch to batch, and variations within 
each batch were also observed. Cunningham participated in nearly 
all the experiments reported here. 

The normal procedure for the use of the resin was to screen it to 
obtain the 250- to 300 -mesh fraction and to convert it to the ammoni- 
um form by digestion with saturated ammonium chloride solution. The 
excess ammonium chloride was removed by washing with water, and 
the resin was graded by settling in water to remove "fines.” The 
fraction which settled in 10 min from a water suspension in a 50-ml 
graduate was used to pack glass columns of various sizes. The mix- 
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Fig. 2 — Separation of Ain(III) and Cin(Ill) ualng Dowex-SO resin citrate elution. 
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tures of Ain(III), Cm(III), and rare earths in solutions of acidities 
corresponding to approximately O.IN HCl or less were adsorbed cm 
some of the ^ame resin. This resin was then transferred to the top 
of the column, and 0,25M ammonium citrate at a pH of approximately 
3 was passed through the column at flow rates varying between 0.15 
and 0.30 ml/sq cm/hr. Samples of the elutrient were collected at 
relatively short intervals and analyzed by counting the a radiations 
of americium and curium or by counting the ^ radiations of the fis- 
sion products in conventional mica-window Geiger counters. In the 
americium-curium separations a sensitive pulse analyzer for the 
particles was used to distinguish between the two. Other data perti- 
nent to the experiments are shown in Fig. 2. 

The data show that Am(in) and Cm(in) are eluted in sharply defined 
bands similar to those of the rare earths and that these bands are 
sufficiently spread so that very good separations of Am(III) and 
Cm(III) from each other and from most of the rare earths can be 
obtained. However, the elution band of Am(in) falls very close to that 
of element 61, promethium; and the Cm(in) band falls very close to 
that of element 62, samarium. Therefore the separation of Am(III) 
and Cm(III) from these particular elements is not very satisfactory. 
It will be noted here that the relative positions of actinide and lan- 
thanide elements remain about the same with Dowex-50 as in the 
Amber lite IR-1 system. 

Tames and Street'^ have developed a method for separating ameri- 
cium, curium, and rare earths in which a fluosiUcate solution is used 
as the eluting agent to remove the elements selectively from columns 
of Dowex-50 resin. In this case the order of elution is changed so that 
the Cm(in) peak is close to that of Ce(III), and Am(in) appears to 
elute at a rate between that of La(in) and that of Ce(III). By proper 
combinations of separations using fluosiUcate and citrate separately 
Am(in) and Cm(in) can be separated very completely from all the 
rare earths with very good yields. The conditions used in the experi- 
ments with fluosiUcate were as follows: 

The resin is prepared, the column packed, and the sample trans- 
ferred to the column in the same manner as was described above for 
the runs involving citrate. The elements are eluted by passing a 0,5M 
ammonium fluosiUcate solution at pH 2.5 through the column at a flow 
rate of 0.15 to 0.30 ml/sq cm/min. The fractions are collected and 
analyzed as described above for the case of citrate elution. Some of 
the results are indicated in Figs. 3 and 4. 

D. C. Stewart and Cunningham*^ have performed some experiments 
to determine the equiUbrium of Am(III) and Cm (HI) between Dowex-50 
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resin and citrate solutions of varying pH. They obtained the family of 
curves shown In Fig. 5 for different weights of resin per milliliter of 
solution. A comparison between the distribution ratios of element 61, 
promethium, and americium was obtained using 100 mg of resin per 
milliliter of solution, and the two curves were practically indistin- 
guishable. The curium curve maybe in error owing to the presence 
of some Pi^”. 



Fig. 3 — Elution from Dowex-50 colloidal aggregates with fluoslllcate. 


Using complexing agents other than citrate and fluoslllcate, Streett 
has undertaken a study of the rates and order of elution of actinide 
and lanthanide elements from Dowex-50 resin. Although this investi- 
gation is as yet incomplete, the results indicate that elution occurs 
with ammonium nitrate, hydrochloric acid, and hydrobromic acid, but 
to a much lesser extent with perchloric acid. The results with hydro- 
chloric acid at high concentration (approximately 9M) were most 


t Unreported work. 
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Interesting in that the order of eiution was shifted so that Am(m ) and 
Cm(III) were renioved from the column considerably ahead of element 
61, promethium. Therefore, since the yields of fission products above 
elements 61 and samarium are normally low, this method shows 
promise of becoming a particularly good method of separating Am(in) 
and Cm(III) from rare-earth fission products. 



TIME OF Elution i hours) —» 

Fig. 4 — Elution from Dowex-50 colloidal aggregates with fluosilicate. 


2.9 Solvent-extraction Methods for the Separation of Americium 
and Curium from Each Other and from Other Elements . Separations 
based upon extraction of inorganic compounds from aqueous solutions 
Into organic solvents are know to be advantageous from the stand- 
point of both rate and efficiency of separation. Such methods may 
depend upon the formation of a complex between the ion to be ex- 
tracted and molecules of the organic solvent into which the complexed 
component of the aqueous solution is extracted. Efficient separations 
have been made through the use of extraction columns employing 
counter-current flow. 





COUNTS PER MIN -MO RESIN 
COUNTS PER MIN- ML SUPERNATANT 


THE TRANSURANIUM ELEMENTS 


1SS8 



Fig. 5 — Equilibrium distribution of Am(IQ) and Cm(III) between Dowex-50 resin and 
0.25M ammonium citrate solution as a (unction of pH. 
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In the earliest work on the separation of americium and curium by 
solvent extraction, aqueous solutions containing hydroxamlc acids t 
were used. At Iowa State College, Wolters and Brown” have used 
these compounds successfully In coimection with the extraction of 
other actinide elements by benzene. On the basis of Brown's work 
and in view of the actinide hypothesis, it was anticipated that Am(in) 
andCm(III) would be extracted similarly. Experimentally such was 
found to be the case, and a fairly good separation of Am(ni) from 
La(III) was demonstrated. However, rare-earth elements (particularly 
those in the region of element 61) were not separated to any signifi- 
cant extent; development of the method was temporarily abandoned. 

Still another approach to the separation of americium and curium 
from each other and from other elements by means of solvents has 
involved the use of powerful oxidizing agents in the attempts to pro- 
duce higher oxidation states which might be extracted more readily 
than Am(in) or Cm(III). Thus one might be able to extract Am(IV) or 
Am(V) into an organic solvent and leave Cm(ni) and unoxldized rare 
earths in the aqueous phase. Because of the known difficulty of oxi- 
dation of Am (in), such an approach places upon the organic solvent 
the requirement of an extreme stability sufficient to resist oxidation 
by (for example) bromate in concentrated nitric acid. Even limited 
decomposition of the organic solvent might result in the reduction of 
any americium which may have been oxidized. 

(a) Use of Hydroxamlc Acids and Chloroform . The extraction of 
americium in comparison with actinium and the rare-earth elements 
has been investigated in experiments in which benzohydroxamic acid 
was used. The procedure was as follows: To an acid solution contain- 
ing the tracer activities to be separated, potassium benzohydroxamate 
(5 mg per milliliter) was added, and the pH was then adjusted to 5 to 
6 by addition of sodium acetate. The mixture was shaken and allowed 
to stand for about 2 hr at room temperature. The aqueous solution 
was then shaken with an equal volume of chloroform, the two liquid 
phases were separated, and each was analyzed for the activities in 
question. 

Although most of the Am(ni) was extracted into the CHCl,, the 
results varied considerably. These variations may have been due to 
failure to duplicate conditions exactly and to establish optimum con- 
ditions for this extraction. As judged from separate experiments 
which were not necessarily conducted under identical conditions, the 
approximate extent of extraction was found to be as follows: Am (75 


t General formula, RCONHOH. 
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per cent), element 61 (65 per cent), Y (50 per cent), La (40 per cent), 
Ac (8 per cent).” The experimental values for element 61, 3rttrium, 
lanthanum, and actinium were converted to values corresponding to 
75 per cent extraction of americium. 

Although less satisfactory than certain other methods, the foregoing 
experiments show that americium may be separated effectively from 
some elements. The experiments also serve to demonstrate again the 
similarity between the lanthanide and actinide elements. 

(b) The Possible Use of a Combination of Oxidation and Solvent 
Extraction . If Am(in) could be oxidized to Am(IV), (V), or (VI), ex- 
traction from the oxidation medium into an organic solvent might be 
possible providing that a solvent sufficiently resistant to oxidation 
could be found. Thus a separation from (ni) curium and rare-earth 
elements might be accomplished. Despite the probability of oxidation 
of the solvent and consequent reduction of any oxidized americium, 
these possibilities of extraction of Am(III) have been explored by 
Asprey and Stewart.'^ A summary of these results follows: 

Solvents investigated were: butyl phosphate, butyl phosphate and 
pyridine, diethyl ether, diethyl cellosolve, dibutyl cellosolve, nitro- 
methane, and dibutyl carbitol. Several different combinations of these 
solvents with acidic mediums together with oxidizing agents such as 
NaBiO,, NaBrOj, or KBrOj were investigated. In general, the extrac- 
tion of americium and lanthanum tracers from 0.5 to 12M HNO3 was 
compared. Some experiments showed an extraction of americium, but 
in most of these cases there was a similar but lesser extraction of 
lanthanum. None of these experiments provided evidence of extraction 
dependent upon oxidation of Am(in). The extraction of Am(IV), if 
formed, would be predicted, but the possibility of oxidation to an 
imextractable Am(V) should not be overlooked. 

3. SUMMARY 

1. Both americium and curium are predominantly (III) in aqueous 
solution and exhibit great similarity to the (m) rare-earth elements, 
particularly those of atomic numbers 60 to 64. 

2. Evidence for the oxidation of Am(in) has been obtained from 
tracer eiqperiments involving sodium nitrate fusions or the use of 
powerful oxidizing agents in aqueous mediums. Similar experiments 
provided no evidence of oxidation of Cm(ni) . 

3. Evidence for the reduction of Am(in) has been obtained by the 
use of sodium amalgam, but Am(in) is not reduced under conditions 
adequate for the reduction of Eu(in). All attempts to reduce Cm(ni) 
were unsuccessful. 
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4. Amdn) and Cm(III) differ from the (m) rare-earth elements in. 
the following respects; 

a. From nitric acid solutions containing fluosillcic acid, the 
rare-earth elements maybe precipitated almost completely where- 
as most of the americium and curium remains in solution. It is in 
this fluoride -fluosilicate system that the m axi m um differences in 
properties between Am(m) or Cm(m) and the rare earths have 
been observed. 

b. Separation from some of the rare earths may be obtained by 
extraction of americium from aqueous hydroxamic acid solutions 
into chloroform. This procedure results in better separation of 
americium from lanthanum than of yttrium and element 61 from 
lanthanum. 

c. Americium (ni) in concentrated solutions of potassium carbon- 
ate may be converted to a higher oxidation state (probably +5) by 
treatment with hypochlorite. This higher oxidation is carried from 
the potassium carbonate solutions by precipitation of a plutonium(V) 
compound. 

d. Americium(III) and curlum(in) may be separated from each 
other and from all rare-earth elements by adsorption on columns 
of Oowex-60 resin and selective elution of the elements alternately 
with ammonium citrate and fluosilicate solutions. 

5. The results of tracer experiments support the actinide hypothe- 
sis on the basis of which americium and curium are analogous to the 
rare-earth elements, europium and gadolinium, respectively. 
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THE FIRST ISOLATION OF AMERICIUM IN THE FORM OF PURE 
.COMPOUNDS; MICROGRAM -SCALE OBSERVATIONS ON THE 
CHEMISTRY OF AMERICIUM t 

By B. B. Cunningham 


Element 95, americium, was discovered in November 1944 by 
Seaborg, James, and Morgan,* who used radiochemical methods to 
study the chemical properties of the element in highly dilute aqueous 
solutions. These studies and subsequent investigations by Thompson, 
Morgan, James, and Perlman^ demonstrated the pronounced stability 
of the tripositive oxidation state and the close resemblance of the 
aqueous tripositive ion of americium to the tripositive ions of the 
rare earths. 

It is the purpose of this paper to describe briefly the first isolation 
of americium in the form of pure compounds and to summarize the 
early microgram -scale observations on the chemistry of this element. 

The first isolation of americium in the form of pure compounds was 
carried out at the Metallurgical Laboratory in Chicago during the 
period July to October, 1945. 

The amount of americium available for this work was only a few 
micrograms; therefore, the final operations designed to isolate the 
element In the pure state were carried out with the aid of a micro- 
scope. 

The microchemical apparatus that was used for the isolation and 
study of americium compounds was essentially the same as that used 
earlier for the isolation of microgram quantities of plutonium^ and 
neptunium.* The principal features of chemical work on this scale 
have been reported by Seaborg.* 

tContrlbuUon from the Department of Chemistry and the Radiation Laboratory, 
University of California, Berkeley, and from the Chemistry Division of the Metallur- 
gical Laboratory, University of Chicago, now the Argonne National Laboratory. 
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The chemical problem of Isolating americium differed from the 
problems that were encountered in the isolation of plutonium and 
neptunium in the following respects: 

1. It was difficult, if not impossible, to obtain the element in any 
oxidation state other than +3. 

2. Methods of separating americium from a group of naturally oc- 
curring elements, the rare earths, could not be applied on the micro- 
gram scale without prohibitive losses. 

3. The half life of the principal isotope was uncertain by at least 
one order of magnitude; therefore, there was no way of knowing be- 
forehand what quantity of americium to ejqpect in the isolation, and 
there was no way of judging its probable degree of purity from an 
amount obtained. 

In the method devised for the isolation of americium the problem of 
separation from the rare earths was solved by subjecting the parent 
material to exhaustive purification from the rare earths before the 
americium was formed in it. Rigid precautions were then taken to 
prevent accidental recontamination with rare earths from the reagents 
or glassware used. 

After the americium had been formed in the parent substance, the 
bulk of this was separated, and the americium activity was concen- 
trated in a small volume. The method used for the concentration of 
the americium was relatively nonspecific. A number of common ele- 
ments, derived mainly from Impurities in the reagents used, were 
concentrated with it. These were separated by standard chemical 
procedures, and the americium activity was further concentrated so 
that it was all present in a solution that was only a few microliters in 
volume. A small fraction of this solution was then submitted for 
spectrographic analysis. The analysis was carried out by Drs. Mark 
Fred and Frank Tomkins. The only impurities detected were 0.2 fig 
of lead and 0,1 fig of iron. 

Lead was removed from the americium solution by precipitation as 
sulfide. The supernatant solution was transferred to a paraffin-coated 
microcone, and the solution was made 3M in hydrofluoric acid. After 
10 min the solution was centrifuged, and the cone was examined care- 
fully under the microscope. It was observed that a small amount of 
precipitate had collected in the tip of the cone. The color of the pre- 
cipitate was a faint but definite pink. 

On the basis of this observation alone it was possible to eliminate 
from consideration as principal components of the precipitate all ex- 
cept four previously known elements. These elements are manganese, 
europium, neodymium, and erbium. These possibilities were exam- 
ined in turn by the following procedures: 
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1. Repeated washing of the precipitate with water failed to dissolve 
an appreciable fraction of it; hence it could not be MnF,. 

2. On direct comparison of the sample with a similar amount of 
NdF, the precipitates were found to be distinctly different in color. 
The precipitate was therefore not NdF,. 

3. Comparison with EuF, showed the europium fluoride to be much 
less strongly colored; hence the precipitate was not EuF,. 

4. Comparison with ErF, showed a similarity of shade but not of 
intensity of color. 

The fluoride precipitate was washed carefully with water, trans- 
ferred to a clean, previously weighed platinum boat, ignited to red- 
ness in air, and then examined under the microscope. The color of 
the deposit was observed to be jet blach except at the very thin edges, 
which were brown. The deposit was entirely different in color from 
ErgO, but strikingly similar to that of the rare-earth oxides, Pr,Oj^j 
and Tb^O,. Since in the case of the rare earths the color of the ses- 
quloxide is usually very similar to that of the trifluoride, it appeared 
that ignition in air converted the fluoride to an oxide of americium in 
which at least part of the americium was in a higher oxidation state. 

The oxide was weighed to the nearest 0.01 on the quartz fiber 
microbalance. The Instrument used was that designed by Kirk, Craig, 
and Gullberg.” 

The a activity associated with this known weight of americium oxide 
was determined in a special low-geometry counter. The counting was 
done in collaboration with Albert Ghiorso. The half life computed 
from the measured specific a activity was 498 years. The computa- 
tion was made on the assumption that the formula of the compound 
weighed was AmO,. Because the composition of the black oxides of 
the rare earths does not correspond exactly to R(^, it seems likely 
that a similar situation exists in the case of the black oxide of ameri- 
cium. Because of this uncertainty and other errors connected with the 
measurement, a probable error of ±5 per cent was assigned to the 
half-life value. Two subsequent determinations yielded figures that 
gave 510 ± 22 years as the best value from all determinations. 

The black oxide of americium was subsequently dissolved in a few 
microliters of IM HCl solution, and one -fifth of this was submitted 
to Fred and Tomkins for spectrographic analysis by the copper spark 
method. The only known elements detected in the sample were La 2 
per cent, Mg 0.1 per cent, and Pt 6 per cent. 

Because platinum had not been found in the americium solution be- 
fore the americium was transferred to the weighing boat, it was con- 
cluded that the platinum was dissolved from the boat when the oxide 
was dissolved. 
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The spectrographlc plate obtained In the analysis showed, In addi- 
tion to the lines of the elements listed, 51 lines that could not be at- 
tributed to any known element. The wavelengths of these lines were 
measured to the nearest 0.01 A by Fred and Tomkins. In the region 
2700 to 4000 A the strongest line was found at 2920.61 A. The wave- 
lengths of a few other strong lines that were found In this region are 
3926.27, 3161.98, 2966.71, and 2756.55 A. 

Since platinum had not been found in the americium solution before 
the solution was transferred to the weighing boat, it was concluded 
that when the oxide was dissolved, oxidation and solution of the plat- 
inum occurred. This was considered further evidence that at least 
part of the americium in the black oxide was in an oxidation state 
higher than -t-S. 

It was subsequently shown by W. H. Zacharlasen'' that the black 
oxide of americium possessed the fluorite structure and was isomor- 
phous with the dioxides of plutonium and neptunium. 

The americium that remained after the spectrographlc analysis was 
purified by precipitating the platinum In it with hydrogen sulfide, cen- 
trifuging, and separating the supernatant solution. The hydroxide of 
americium was precipitated with ammonia and examined carefully. 
This compound was found to be of the same delicate pink color as the 
fluoride. A photomicrograph of the precipitated hydroxide is shown 
In Fig. 1. Radiometric assay of the supernatant solution indicated 
that the solubility of the hydroxide was of the order of 1 mg per liter 
in dilute ammonia solution. 

When the hydroxide was dissolved in a very small volume of dilute 
nitric acid, the nitrate solution was found to be pink also. 

The solution was made 2M In nitric acid, and attempts were made 
to oxidize the americium to a higher oxidation state. A small amount 
of argentic oxide was added to the solution, and the sample was ob- 
served under the microscope. The color of the sample remained at 
all times that which was expected for a mixture of the pink amerl- 
clum(in) and brown silver(II). When after about 10 min the color of 
the argentic ion had faded there appeared to have been no change In 
the color of the americium. 

Because oxidation of amerlcium(in) to americlum(IV) by silver(II) 
requires only simple electron transfer, the reaction would be expected 
to be rapid. It was concluded that the formal oxidation -reduction po- 
tential for the couple Am(in) = Am(IV) -i- e in acid solution was more 
negative than about -2 volts. 

The experiment did not exclude the possibility that Ag^*** might be 
capable of oxidizing americlumdn) to an ion of the type Am^ since 
this reaction might conceivably be slow. 
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However, on the assumption that the potential for the reaction 
Amdn) s Am(IV) + e was more negative than -2 volts, there still re- 
mained the possibility of bringing about the oxidation in alkaline solu- 
tion. On the basis of solubility jn-oduct values for ThCOH)^ and La(OH^ 
0ven by Latimer,” it was estimated that on changing from IM to 
IM OH~ the potential for the couple would become more positive by 



Fis- 1 — Photograph of first americium compound, which was Isolated January 1946. 
The eye of the needle shows the degree of magnification. 


more than 1 volt. The potential for the couple involving the for- 
mation of Am(^ would also be expected to have a strong hydrogen- 
ion -concentration dependence and to become much more positive in 
alkaline solution. 

Two oxidizing agents, CIO' and HO,', were used in attempts to ob- 
tain evidence for the oxidation of americium(in) in alkaline solution. 

When amerlclum(in) was precipitated as the hydroxide in alkaline 
solution in the presence of peroxide, the precipitate was colqred a 
bright red-brown. This color faded when the excess peroxide in the 
solution had decomposed. 
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When amerlclumdn) was precipitated as the hydroxide by excess 
base containing CIO", the color of the precipitate was initially light 
salmon -pink, but changed within 30 min to deep brown. 

These experiments were interpreted as evidence for oxidation of 
americiumdn) in alkaline solution, but the evidence was not conclu- 
sive, A possible explanation involving the assumption of formation of 
strongly colored peroxy complexes of amerlcium(ni) could not be ex- 
cluded. (These complexes were produced directly in one case and as 
a consequence of the o! -particle decomposition of the solution in the 
other.) Definite evidence for the oxidation of americlumCm) to a 
higher oxidation state by C10~ In strong carbonate solution was ob- 
tained at a later date by L. B. Werner.” 

The experiments on the oxidation of americium were followed by 
experiments in which evidence for a lower -oxidation state was sought. 
These investigations were carried out by L. B. Asprey, who used a 
Heyrovsky-type polarograph and special microcells. The apparatus 
was found to give excellent results on microgram amounts of euro- 
pium, and well-defined waves showing the reduction of europium(III) 
to europium(n) were obtained. Americium solutions, however, failed 
to show any evidence for reduction of the tripositive state at potentials 
less positive than -t-O.O volt (Lewis and Randall convention), the limit- 
ing potential imposed by the reduction of the H'*' in these solutions. 

The first conclusive evidence for the existence of americium in an 
oxidation state lower than +3 was obtained by Sherman Fried^" at 
Chicago during an attempt to reduce the higher oxide of americium to 
the sesquioxide, using hydrogen. The compound AmO, identified from 
its x-ray diffraction pattern by W. H. Zacharlasen, was obtained. 

The polarographic runs on americium were followed by a determi- 
nation of the absorption spectrum of americiumdn) using the Beckman 
model DU spectrophotometer and special microcells. The spectrum 
was found to consist of a single sharp absorption band at 5020 A, a 
series of incompletely resolved bands in the region 7800 to 8400 A, 
and slight absorption vdth some evidence of structure, which Increased 
generally with decreasing wavelength in the region 3500 to 4500 A. 
The spectrum exhibited markedly fewer absorption bands in the region 
that was examined than did plutonium(III). The striking fact about this 
is that precisely the same situation is true for the absorption spec- 
trum of europiumdn), the rare-earth analogue of americiumdil) 
on the basis of Seaborg’s actinide hypothesis, as compared to sama- 
riumdn), the rare-earth analogue of plutonium(III). The available 
data on the absorption spectra of the aqueous tripositive ions of the 
lanthanides were then examined for further analogies. These data 
permitted comparison only in the region 3500 to 7000 A, but within 



FIRST ISOLATION OF AMERICIUM 


1369 


this region they indicated that the correspondence between analogous 
members of the two series held true not only with respect to the rela- 
tive number of bands but also roughly for the distribution of the bands, 
in the sense that where uranium(in) showed general absorption over 
the 3500 to 7000 A region, neodymium (m) also showed general ab- 
sorption, and where europlum(III) showed no absorption In the region 
5700 to 7000 A, amerlclum(ln) also showed no absorption. It did ap- 
pear to be true, however, that the general tendency for all ions to 
show absorption in the region of shorter wavelengths began at around 
2500 A for the lanthanide elements but at about 3500 A for the actinide 
elements, so that certain absorption bands, at least, were shifted to 
the longer wavelengths in the actinide element. On the basis of these 
analogies it was predicted that curlum(ln) would show little or no ab- 
sorption in the visible region, that absorption would be confined to the 
shorter wavelengths, and that solutions of curium(III) would be either 
colorless or faintly yellow. These predictions were confirmed re- 
cently by Werner and Perlman,* who determined the absorption spec- 
trum of curium (In). 

A more detailed comparison of the absorption spectra of the lan- 
thanide and actinide elements is now being made, using solid com- 
pounds and instruments designed to give better resolution of the 
spectra. 


SUMMARY 

The first isolation of americium in the form of pure compounds has 
been described. Evidence has been presented to showthat in the black 
oxide americium exists at least partially in an oxidation state higher 
than -f 3 . The black oxide is obtained by igniting americium nitrate in 
air. E^qieriments have been described which indicate that the formal 
oxidation -reduction potential in acid solution for the couple 

Am(in) = Am(IV) + e" 

is more negative than approximately ~2 volts, and that the potential 
in acid solution for the couple 

Am(III - ti) = Am(III) + ne" 

is more positive than approximately +0.9 volt. 

The relation of the absorption spectrum of americium(in) to that of 
europium(in), its rare-earth analogue on the basis of the actinide 
hypothesis, is indicated. 

The determination of the half life of Am*‘^ from specific -activity 
measurements is described in outline, and the most probable value 
from these measurements is given as 510 ± 22 years. 
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Paper 19.3 


TRACER CHEMISTRY OF ACTINIUMt 
By C. K. McLane and S. Peterson 


1. INTRODUCTION 

Different problems In the chemistry of tracer concentrations of 
actinium have been investigated for different purposes. Some phases 
of the work were concerned with possible separations from lant hanum , 
others with separations from other elements in the radioactive 'decay 
series. Some work was aimed at a better imderstanding of the tri- 
positive state of the heavy elements, in particular americium and 
curium, while other work was undertaken primarily to increase our 
fundamental knowledge of radiochemistry. 

2. CARRYING OF ACTINIUM ON ZIRCONIUM lODATE 

The effect of several variables on the carrying of actinium by zir- 
conium iodate has been studied. To avoid the possibility of lanthanum 
iodate precipitation, carrier -free Ac'** was used.' In all experiments 
the iodate was added last either as 0.35M KIO, or as solid KIO,. The 
precipitation was made in 3.5 to 5.0 ml volume at room temperature, 
and the precipitate collected alter brief digestion. Beta activity was 
counted both in the lanthanum fluoride precipitated from the super- 
natant solution and in either the iodate precipitate or lanthanum fluo- 
ride precipitated from a hydrofluoric acid solution of the iodate. 

Figure 1 shows the very great effect of iodate concentration on 
carrying. Some effect is seen to remain even if the carrying is re- 
pressed by 7M NH^NO,. It may be noted that zirconium failed to pre- 
cipitate from the 7M NH^NO, solution when'only 0.02M lO, was used. 


tContrlbution from the Chemistry Division of Ihe MeUllurKlcal Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 
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Fig. 2 — Effect of ammonium nitrate concentration on carrying of actinium by 0.1 g of 
Zr per liter from 0.2M HNO,. 
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ELECTROLYTE MOLARITY 


Fig. 3 — Effect of electrolyte concentration on carrying of actinium by 0.1 g of Zr per 
liter from O.IOM lOj'. 



Fig. 4— Effect of nitric acid concentration on the carrying of actinium by 0.1 g of Zr 
per liter from 0.05M 10'. 
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That the presence of ammonium nitrate greatly decreases the 
carrying of actinium on zirconium lodate Is demonstrated by Fig. 2. 
Since neutral salts considerably Increase the solubility of lanthanum 
lodate,' the effect was believed to be one of tonic strength, and other 
salts were tested. In Fig. 3 ammonium nitrate Is compared with so- 
dium perchlorate, which not only has a smaller effect but appears to 
have a minimum effect at 2M concentration. In Table 1 several elec- 
trolytes are compared. 


Table 1 — Effect of Electrolytes on Carrying of Actinium by Zirconium lodate 


(01 e 

of Zr per liter, 0.1 OM lO,") 


Actinium carried, % 

Electrolyte 

From IM 

From 3M 

present 

electrolyte 

electrolyte 

HNO, 

34.5 

10.5 

HCIO^ 

57.5 

45 

NaNO, 

17.5 


NaClO, 

15 

16,24 

NH^NO, 

9 

4.5 

NH^CIO^ 

15 



Both Table 1 and Fig. 3 show that perchloric acid decreases car- 
ryli^ much less than do other electrolytes. Apparently H'*' has less 
effect than other Ions. Since iodic acid is a strong acid, H'*' would not 
be esqpected to have the same effect as in carrying by a phosphate or 
oxalate. The effect of varying the concentration of nitric acid while 
keeping other concentrations constant is shown in Fig. 4. 

3. CARRYING OF ACTINIUM BY BISMUTH PHOSPHATE 

The Influence of several variables on the carrying of actinium by 
bismuth phosphate has been studied. Carrier -free Ac"' was used.^ 
In all eiq>eriments the bismuth was precipitated by adding phosphoric 
acid over a 20-mln period. During both the precipitation and the sub- 
sequent 1-hr digestion the solutions were kept in a 75 to SO^C water 
bath. Beta activity was counted in lanthanum fluoride precipitated 
from the supernatant liquid as well as either in the bismuth phosphate 
precipitate or in lanthanum fluoride precipitated from a hydrochloric 
acid solution of the bismuth phosphate. 

As predicted from the effect of acid on phosphate solubilities, the 
carrying is very sensitive to nitric acid concentration; this Is seen in 
Fig. 5. Although the Bl(in) concentration was shown to have no great 
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Ta]il€ 2-- Carrying of Actinium by 1.0 g of Bl per Mter from 0.5M O.IM 

HNO3, and 1.5M Salt 

Salt studied Actinium carried, % 

NaClO^ 05 

NH,C10, 94 

NaNO, 68 

NH^NOj 35 

NH,NO, 52 



Fig. 5 — Effect of nitric acid and phosphoric acid concentrations on the carrying of 
actinium by 2,0 g of Bi per liter (phosphate). 



Fig, 6 — Effect of salt concentration on the carrying of actinium by 1.0 g of Bl per 
liter from O.IM HNO, and 0.5M H,PO«. 
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effect on the carrying, a peculiar effect was dOserved with variation 
of the phosphoric acid concentration. Figure 5 shows that at two dif- 
ferent acidities the actinium Is carried to a greater extent from 0.5M 
H,P 04 than from 0.2M or 0.8M. 

The study of salt effect (Fig. 6) shows that sodium perchlorate ex- 
erts very little effect on the carrying of actinium by bismuth phos- 
phate, but the effect of ammonium nitrate, although less than that of 
nitric acid, is pronounced. Comparing the effects of several salts 
(Table 2) demonstrates a specific effect due to NQ,~. It is therefore 
probable that perchloric acid would have a smaller effect than nitric 
acid. 


4. FRACTIONATION OF ACTINIUM IN LANTHANUM OXALATE AND IN 
LANTHANUM PHOSPHATE 

The distribution of actinium tracer between precipitate and solution 
In the partial precipitation of lanthanum oxalate and lanthanum phos- 
phate Illustrates the smaller affinity of actinium compared with lan- 
thanum toward basic anions. 


Table 3 — Distribution of Actinium in Partial Precipitation of Lanthanum Phosphate 


Approximate 
[H 4 concentration, 
molarity 

Activity found, % 

Actinium 

Lanthanum 

Precipitate 

Supernatant 

Precipitate 

Supernatant 

0.12 

42 

36 

00 

11 

0.25 

80 

22 

04 

4 

0.37 

81 

9 

08 

2 


Lanthanum tracer used in the experiments was separated from 
Ba^*° parent by triple hydroxide precipitation. Actinium tracer’ was 
Ac”*. In e]q)eriment8 using mixed activities, analysis of the decay 
served to measure the individual activities. 

The carrying of actinium by lanthanum phosphate was Investigated 
by precipitation of various fractions of the lanthanum from a solution 
containing mixed tracer, approximately 0.7 g of La per liter, and 
0.8M HgPO^. This was accomplished by addition of ammonium hy- 
droxide followed by 20 min heating at 75 to 80°C. The results given 
In Table 3 show that the lanthanum which precipitates is depleted in 
actinium under these conditions. 

The distribution of actinium tracer between precipitate and super- 
natant was studied In the partial precipitation of 0.1 g of La per liter 
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With 50 g of (NH«),Cx 04 per liter in solutions of pH about 4.5, which 
were heated 20 to 30 min at 75 to 80“C. The results (Table 4) show 
that carrying of actinium is complete even though only 70 per cent of 
the lanthanum precipitates. The presence of yttrium, the solubility of 
which is about 65 mg per liter owing to the presence of an oxalate 
complex under these conditions,^ has no apparent effect. 


Table 4 — Distribution of Actinium in Partial Precipitation of Lanthanum Oxalate 


Time of 
heating X 
min 

Yttrium, 

g/llter 

Activity founds % 

AcUnium 

Lanthanum 

Precipitate 

Supernatant 

Precipitate 

Supernatant 

20 

0.0 

84 

<1 




0.0 

1 

1 

63 

27 


0.1 

87 

<2 




0.1 



52 

38 

30 

0.0 

98 

0 

76 

22 


0.1 

79 

0 

70 1 

30 


0.1 

j 99 

0 

77 

23 


0.2 

L j 

L ° 1 

77 

23 


By precipitating lanthanum oxalate from nitric acid solutions, Mme. 
Curie’ was able to deplete the lanthanum in actinium, and, by frac- 
tionation, to obtain a 35-foId enrichment. A number of eiqperiments 
have been carried out in the attempt to improve the fractionation by 
adding less than equivalent amounts of oxalic acid to a concentrated 
lanthanum solution in IM HNO,, The thickness and irregularity of the 
samples prevented accurate measurement of the activity, but precipi- 
tation of approximately one -third of the lanthanum carried no more 
than one -tenth of the actinium. 

5. MISCELLANEOUS EXPERIMENTS ON CARRYING 

Results Of tests of the coprecipitation of actinium tracer*’’ with 
several carriers are presented in the following paragraphs. 

5.1 Barium Sulfate . That actinium is adsorbed on barium sulfate 
has long been known.’ In our work 0.5 g of Ba per liter was precipi- 
tated from 0.5M HNOj by addition of one drop of concentrated sulfuric 
acid per milliliter. All precipitates were digested with frequent stir- 
ring for 1 hr. The data in Table 5 show that small amounts of lantha- 
num act to displace actinium from the barium sulfate. 

5.2 Lanthanum Fluoride . Carrying of actinium by lanthanum flu- 
oride has been studied as a method of concentrating actinium activity 
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Into a sufficiently small bulk for counting radiations. Under almost 
all conditions, greater tban 98 per cent of the actinium precipitates 
with 0.3 g of La per liter from 5M HNOg solutions when the solutions 
are made 3M In HF. Substances not Interfering were 0.4M H^a 04 , 
0.2M citric acid, IM H,P 04 , and 1 g of Zr per liter. However, from a 
2M HNO,-5M NHfNO, solution only 87 per cent was carried. 

Fluosllicic acid has been found to interfere with carrying of trans- 
plutonium activities by rare-earth fluorides,'' and a similar, though 
less pronounced, effect is found with actinium. From solutions from 
which 90 per cent of the La should precipitate, only 50 to 75 per cent 
of the Ac precipitates. 


Table 5 — Adsorption of Actinium on Barium Sulfate 


Approximate 

La concentration, 


Activity found, % 

g/nter 

Temperature, “C 

Precipitate 

Supernatant 

0 

85 

96 

4 

0 

85 

95 

5 

0.3 

25 

30 

69 

0,3 

80 

35 

63 


5.3 Rare-earth Hydroxides . Precipitation of 1 g of La per liter 
with 4M NH4OH was found to carry actinium tracer quantitatively 
from both aqueous and 70 per cent ethanol solutions. 

With 12M NH4OH, in seven experiments, cerium (0.5 to 2.0 g per 
liter) carried only 96 per cent of actinium tracer from O.OOM to 1.7M 
NH4NO]. From 0.86M NH4NO,, 0.5 g of Ce per liter carried 88 per 
cent when precipitated with 5M NH4OH. 

5.4 Lead Sulfate . Over 98 per cent of Ac tracer (carrier -free) 
precipitated with 1 g of Pb per liter from 6 M H 2 SO 4 . The presence of 
IM NH 4 NOs did not change the result. 

5.5 Uranyl Peroxide . In a study of the actinium-thorium-uranium 
separations, it was noted that uranyl peroxide (20 g of U per liter) 
when precipitated from 0.33M HNO, and 10 per cent HjOg carried no 
more than 2 per cent of the actinium. To avoid interference from 
0 -emitting decay products of uranium, Ac’’* a tracer (obtained from 
U”* decay products) was used. The uranium precipitatewas dissolved 
in a nitric acid -sulfuric acid solution from which lanthanum fluoride 
was precipitated. The fluoride precipitate contained a activity cor- 
responding to 2.5 per cent of the actinium or 0.05 percent of the ura- 
nium. Failure of the samples to decay showed uranium to be the prin- 
cipal component. 
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5.6 Zirconium Phosphate . Precipitation of 0.25 g of Zr per liter 
from IM HN<^ made 0.12M in HjPO^ carried only 1 per cent of the p 
activity from a crude mesothorium mixture. Less than 1.2 per cent 
of the Ac”" present must have precipitated to give this result. 

6. THE ACTINIUM BENZHYDROXAMATE COMPLEXT 

Benzhydroxamate ion has been studied as a possible method of 
separation of element 95 from rare earths. In this work actinium is 
compared with element 95. 


Table 6 — Results of Benzhydroxamate Experiments 




Activity, 

counts/ min 

Distribution 

Amount 



In H^O 

In CHCI 3 

coelllcient. 

extracted 

Experiment 

Element 

phase 

phase 

or^nic/aqueous 

by CHC1„ 9 

1 

Ac 

14,590 

8,530 

0.585 

37 


95 

790 

22,480 

28.5 

97 

2 

Ac 

4,200 

310t 

0.07t 

7t 


La 

13,070 

6,850 

0.53 

34 


95 

6,510 

10,980 

1.69 

63 


tCounting error may easily make these values in error by 40 per cent. 


The slowness and uncertainty in the formation of the complex makes 
necessary the comparison of different elements by using a mixture of 
tracers In one experiment. Tracer a -emitting 95^*^ was mixed with 
Ac™ p tracer.* In the second experiment La^*, separated from the 
barium parent by triple hydroxide precipitation, was also present. 
To the tracer mixture was added 2.5 ml of potassium benzhydrox- 
amate solution (20 g per liter). With sodium acetate and water the so- 
lution was adjusted to a pH of 5.0 and a volume of 5.0 ml. Approxi- 
mately 2 hr was allowed for the complex to form; then the solution 
was shaken with 5.0 ml of CHCI3. Lanthanum fluoridewas precipitated 
from 0.50.ml samples of each phase and transferred to platinum 
disks for activity measurement. Alpha counting was used to measure 
element 95,^ counting to measure the actinium. In the second experi- 
ment analysis of the P decay gave assays for both lanthanum and ac- 
tinium. 

The results of the experiments are given in Table 6. Element 95 is 
much more easily complexed than actinium; lanthanum behavior is 


tXhls work was done with the cooperation of S. G, Thompson. 
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Intermediate. This parallels the relative affinities of these cations 
for other basic anions. 


7. SUMMARY 

Carrying of actinium by zirconium lodate is sensitive to the iodate 
concentration, varying from less than 10 per cent to over 90 per cent 
with other conditions unchanged. Neutral salts decrease the carrying; 
acid exerts a similar but smaller effect. Although nitrate ion also 
decreases carrying, perchlorate does not. 

Lanthanum can be depleted in actinium by phosphate precipitation. 
Lanthanum oxalate precipitated from strong acid is depleted in ac- 
tinium; when precipitated from a concentrated ammonium oxalate so- 
lution, lanthanum is enriched in actinium. Actinium is almost com- 
pletely carried by barium sulfate; lanthanum interferes. Lanthanum 
fluoride can be precipitated from most solutions; it carries actinium 
quantitatively; fluosilicic acid and 5M NH 4 NOS interfere. Lanthanum 
hydroxide, cerous hydroxide, and lead sulfate carry actinium nearly 
completely; uranyl peroxide and zirconium phosphate do not carry 
actinium. 
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Paper 19.4 


THERMAL NEUTRON FISSION PROPERTIES 
OF Ra”®, AND Ra*“t 


By S. Peterson and A. Ghiorso 


A preliminary study has been made of the thermal neutron fission 
properties of several naturally occurring radioactive Isotopes. These 
include the 13.5-year ^-emitting Ac^^''; the 11.2-day or-emlttlng Ra”^ 
(actinium X), and the 6.7-year j3-emlttlng Ra’^' (MsTh^). The Ra”' 
sample was obtained from commercial sources, and It was further 
purified to separate It from uranium and daughter activities. The 
other Isotopes were obtained from a sample of several milligrams of 
protactinium that had decayed for a period of nearly 10 years without 
separation from daughter activities. The exact procedures employed 
In the separation and purification of Ac”'' and Its daughters have been 
described by McLane and Peterson.' Briefly, the Ac”'' was separated 
from Th”' by extraction into a benzene solution of o-thenoyl-trlfluo- 
roacetone under controlled pH conditions, and It was separated from 
Ra*” by copreclpltatlon with cerous hydroxide. The Th**’' was sepa- 
rated by copreclpltatlon with zirconium iodate, then concentrated on 
cerous fluoride, and finally purified by extraction Into a solution of 
a-thenoyl-trlfluoroacetone In benzene. The Ra”’ was concentrated 
from hydroxide and fluoride solutions on lead sulfate, dissolved In 
hydrochloric acid, and separated from lead with hydrogen sulfide. It 
was separated from Ac”' and Th”'' by cerous hydroxide precipita- 
tion. Ail samples were evaporated on 2 -mil platinum foil for fission 
measurements. 

Fission measurements were made in the thermal column of the 
Argonne heavy-water pile with the high -sensitivity fission-counting 
apparatus described by Ghiorso and Bentley.' The fission rate of 
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each sample was compared to that of a standard thin sample of Pu**' 
measured under Identical neutron-flux conditions. The thermal nature 
of the neutrons was confirmed by repeating measurements with the 
fission chamber enclosed In a cadmium shell of small thickness. 
Under these conditions fission rates were reduced by a factor of 100 
or more. 

A single sample containing approximately 10~* g of Ac**^ was tested 
for flsslonablllty 9 and 19 days after separation from Th’*^. Thermal 
neutron cross sections were calculated for Ac’^'', and It seems quite 
certain that the thermal neutron fission cross section of Ac”^ Is less 
than 2 x 10“** sq cm. 

A sample containing approximately 4 x 10~* g of Ra”' showed no 
fission counts above a background for the counting apparatus of 125 
fissions per minute. Assuming that 10 fissions per minute could have 
been detected, an upper limit of 2 x 10~** sq cm may be set for the 
thermal neutron fission cross section of Ra***. 

A sample containing approximately 5 x 10*** g of Ra*** likewise 
showed In two measurements no fission counts above backgrounds of 
105 and 103 fissions per minute. Again assuming that 10 fissions per 
minute could have been detected, an upper limit of 100 x 10~** sqcm 
may be set for the thermal neutron fission cross section of Ra***. 

SUMMARY 

The following limits on thermal neutron fission cross sections have 
been determined: Ac**'', less than 2 x 10~** sq cm; Ra***, less than 
100 X lO"** sq cm; Ra***, less than 2 x 10"** sq cm. 
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THERMAL NEUTRON FISSION PROPERTIES OF Ra«*t 
By D. Ames and A. Ghiorso 


An upper limit for lissionability with thermal (i.e., cadmium- 
absorbable) neutrons has been set for the 1,600 -year Ra^'^^ (natural 
radium). An early measurement using 50 pg of radium in the fission- 
counting chamber had indicated a limit of 0.003 barn. More recent 
samples of repurified material show that this limit can be lowered to 
lO”* barn. 

The radium used in the early measurement was not purified but 
was taken directly from a source of radium chloride. Spectrographic 
analysis showed 0.4 per cent Ba, 0.2 per cent Ca, 0.04 per cent Mg, 
and 0.02 per cent Si. 

The second set of samples was prepared from 20 mg of radium 
chloride that had been carried through 10 crystallization cycles. One 
cycle consisted of precipitating the chloride from distilled (20 per 
cent) hydrochloric acid in an ice bath, digesting for approximately 
H hour, centrifuging, and redissolving in 100 to 200 microliters of 
Barnstead distilled water. Spectrographic analysis showed no sig- 
nificant impurities. 

The sample plates were prepared by adding the chloride to the plate 
and spreading by dilution so that the solution almost covered the 
plate. A few drops of approximately IM HjSO^ were added so that the 

sulfate was spread evenly on the plates. 

Two samples, each weighing 100 pg, were carefully evaporated on 
platinum plates in the manner described and tested for fission in Uie 
thermal column of the Argonne heavy-water pile. One had a fission 
counting rate of 43 fissions per minute and the other a rate of 18 fis- 


tContrlbutlon from the Chemistry Division of the MetallurglcaJ Laboratory, Unlver- 
slty of Chicago, now the Argonne National Laboratory. 


1383 



1SB4 


THE TRANSURANIUM ELEMENTS 


slons per minute over a background of 100 fissions per minute. Com- 
parison with fission standards showed these rates to correspond to 
cross sections of 2.6 x 10"* barn and 1.1 x 10"* barn, respectively. 
Taking the lowest value we can then say that the thermal neutron fis- 
sion cross section of Ra‘^’ is no more than 1.1 x 10~* barn. The value 
is only an upper limit, since a fission rate of 18 per minute, if signif- 
icant at all over a background of 100 per minute, might be due to un- 
detected traces of plutonium or uranium. 

Summary . An upper limit for the thermal neutron fission cross 
section of Ra”' has been established as 1.1 x 10~^ barn. 



Paper 19.6 


SEPARATION OF ACTINIUM FROM RARE EARTHS USING 
ION-EXCHANGE RESINt 

By C. K. McLane and S. Peterson 


1. INTRODUCTION 

Isolation of actinium (Ac”’) from natural radioactive ores involves 
a separation from far larger quantities of the chemically very si milar 
rare earths. Since the use of Amberllte IR-1 cation-exchange resin 
has been found successful for the separation of rare earths from each 
other,' it was thought that the method might be applicable to the sepa- 
ration of actinium from the rare earths. Lanthanum is the rare earth 
most closely resembling actinium. Other rare earths need not be 
studied, since it is known that they can be readily separated from 
lanthanum. 


2. EXPERIMENTAL PROCEDURE 

A column was constructed of a 35-cm length of 7-mm I.D. pyrex 
tubing fitted at the bottom with a capillary stopcock and sealed at the 
top to a short length of 18-mm tubing. A wad of glass wool kept par- 
ticles of resin from entering the stopcock. Solutions were added to 
the column through separatory funnels fitted to the column with rub- 
ber stoppers. 

The resin used was 20- to 65-mesh Amberllte IR-1, washed with di- 
lute hydrochloric acid to remove metal cations and with distilled 
crater to remove the finer particles of resin. The column was filled 
by pouring the resin in as an aqueous slurry. It was pretreated by 
washing with several volumes of the same solution subsequently used 
for elution. 

t Contribution from the Chemistry Division of the Metallurgical Laboratory, Uni- 
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Tracer Ac”' (MsTh,) was prepared by the Halssinsky-McLane meth- 
od;' La"° was isolated from a solution of its barium parent by adding 
stable lanthanum carrier and introducing ammonia gas to precipitate 
the hydroxide. The tracer was purified by two reprecipltatlons . The 
tracer activity in the column effluent samples was determined by 
adding 2 mg of inactive lanthanum, acidifying to IM to 2M in nitric 
acid and 2M to 3M in hydrofluoric acid, and measuring the P activity 



Fig. I — Separation of lanthanum and actinium by elution from AmberUte IR-1 with 
0.25M citrate solution. 


In the precipitated lanthanum fluoride. Actinium is carried quantita- 
tively by lanthanum fluoride precipitated from the citrate solutions 
used in the columns.' The citrate solutions were prepared by mixing 
proper proportions of reagent -grade citric acid and diammonlum 
citrate and dissolving in sufficient distilled water to make the total 
citrate 0.25M. 

Separation of mixed Ac”' and La*" tracers was demonstrated by 
eluting the 35 -cm pretreated column with a 0.25M citrate solution 
containing 2.4 parts of citric acid to 1 part of diammonlum salt (at 
pH 3.09 as determined by a Coleman glass-electrode apparatus). The 
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radioactive Isotopes with approximately 2 mg of Inactive lanthanum 
carrier were dissolved In 6.6 ml of the citrate-elution solution, added 
to the column, and immediately eluted at a flow rate of about 1.5 ml 
per minute. The first S ml of effluent was discarded; then twenty - 
six 12-ml samples were taken. Four additional samples were taken 
after changing the eluting solution to 0.5M monoammonium citrate 
(pH 3.76). 

The eluted activity was identified by counting at intervals and com- 
paring the decay with that expected for the 40.0-hr half life of pure 
La^*°andthe 6. 13 -hr decay of Ac’’*. Figure 1 shows the separation 
that was achieved with the 35 -cm column. The slight overlapping of 
the two peaks indicates that a somewhat longer resin bed would be 
necessary for complete separation. 

3. SUMMARY 

Almost complete separation of tracer quantities of actinium and 
lanthanum has been obtained by elution of the adsorbed mixture from 
Amberlite IR-1 cation-exchange resin with 0.25M citrate solution of 
pH near 3. 
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PREPARATION OF RADIOACTIVELY PURE Ac”“(MsThj)t 
By C, K. McLane and S. Peterson 


1. INTRODUCTION 

For study of the tracer chemistry of actinium, Ac‘^‘(MsTh 2 ) is usu> 
ally the best isotope to use. The long-lived Ac‘‘^ is not only difficult 
to get in sufficient quantities, but can be measured with satisfactory 
accuracy only by following the slow and complicated growth of its 
daughters. The artificially produced Ac‘‘‘ cannot be obtained in quan- 
tities sufficient for any extensive work. 

Since the immediate decay product of Ac“*, 1.9-year Th”*(RdTh), 
has a relatively long half life, samples of Ac^‘” tracer can be cor- 
rected for decay by the simple exponential law. The half life of Ac‘‘‘, 
6.13 hr, is long enough to be satisfactory for experiments requiring 
less than 1 day. The activity can be obtained by separation from its 
parent, 6.7-year Ra”'(MsThi), immediately before use. For prepara- 
tion of radioactively pure tracer, separation must also be made from 
the daughters, Th*“, Ra”«(ThX), Pb*“(ThB), and Bi***(ThC). The 
method described here Is a modification of that used by Haissinsky.^ 

2. CHEMICAL PROCEDURE 

The chemistry Involved in the process is Identical with that used by 
Haissinsky except for the addition of lead and thorium ions to the 
starting solution. However, by substitution of centrifugation for the 
filtration used in the original method, the operations can be carried 
out more quickly and with the use of less inactive carrier for the 
tracer quantities of the radioactive isotopes. Except for the final 
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evaporation and ignition, all operations can be speedily and efficiently 
carried out in 15-ml centrifuge cones. 

Haissinsky added the thorium as the dry nitrate after alcohol ex- 
traction. This requires frequent purification of the thorium stock 
solution to prevent reappearance of Ra*“ (daughter of Ttf “) in the 
tracer after the extraction. Thorium nitrate dissolves satisfactorily 
in alcohol without Interfering with the lanthanum- actinium extraction, 
so that old Th(N 0^)4 may be used in the modified method. 

The separation of actinium from radium Isotopes is carried out by 
evaporating to dryness a mixed nitrate solution containing Ra*^* and 
its decay products and 1 mg each of Ba(II) , Pb(II) , Th(IV) , and La(IIl) . 
(The 0.2- to 0.4-ml solution can be evaporated quickly in a 100'’C oil 
bath in a current of air.) The dry nitrate mixture is extracted three 
times by stirring for several seconds with 1-ml portions of alcohol 
(isopropyl or absolute ethyl) . The radium isotope remains in the lead- 
barium residue, which may be dissolved in IN HNO, and reused by 
addition of more lanthanum and thorium after sufficient Ac”* has 
grown in. Separation from Th”* is achieved by adding 2 ml of pyridine 
to the 3-ml alcohol solution and digesting for 10 min in a hot-water 
bath (approximately 70° C). The thorium slowly precipitates as a 
pyridine-complex salt. The separation from lead and bismuth activity 
is brought about by addition of 1 mg each of Pb(n) and Bi(in) (1 to 2 
drops each of nitrate solution in dilute nitric acid) to the alcohol-pyri- 
dine solution, and saturation with hydrogen sulfide. The lead sulfide- 
bismuth sulfide precipitate is discarded. The acid from the reagents 
is sufficient to prevent precipitation of lanthanum hydroxide. Separa- 
tion from excess reagents may be accomplished by evaporating the 
hydrogen sulfide solution to dryness, igniting to remove organic mat- 
ter, and dissolving the tracer (in lanthanum oxide carrier) in any 
desired acid solution. 

Tracer of 99.95 per cent purity was prepared by the above method. 
Decay of one sample was followed for 3 days (almost 12 half lives), 
using a Geiger counter with known increases in geometry as the ac- 
tivity decreased. At the end of the 3 days, 28 counts per minute re- 
mained out of the 20,000 counts per minute originally in the sample. 
The deviation from logarithmic decay with the accepted half life (6.13 
hr) was no greater than this remainder, most of which could have been 
decay products of the tracer (about 10 counts per minute expected) 
and residual Ac”* (about 6 counts per minute) . 

The result of this work may be considered not only the preparation 
of very pure actinium tracer, but also a verification of the reported* 
half life of the Isotope. 
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3. SUMMARY 

An improved and rapid method has been found to prepare of 
higher than 99.95 per cent radioactive purity. 
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PREPARATION OF CARRIER-FREE Ac2«(MsTlv,) TRACERT 

By S. Peterson 


For experiments in which lanthanum might interfere, it was neces- 
sary to prepare “carrier-free” Ac“®. If lanthanum carrier is omitted 
from the modified Haissinsky separation,^ the actinium isotope is 
not extracted by alcohol. Lanthanum, however, may be satisfactorily 
replaced by cerium, the higher oxidation state affording ready means 
of removal. 

Method of Tracer Preparation . Separation of actinium from radio- 
active parent and daughters is achieved by following the procedure of 
McLane^ except that cerium is substituted for lanthanum. Instead of 
lanthanum oxide the ignited final product is cerium(IV) oxide. While 
the crucible is still hot, the ignited CeOa is dissolved in 28 per cent 
HgOj which is IN in HNO3. Ignited CeOz, which is ordinarily very dif- 
ficult to dissolve, is reduced by the hydrogen peroxide to Ce(XII). 
Without removal from the crucible, the solution is evaporated under 
a heat lamp to dryness to remove the excess hydrogen peroxide which 
otherwise would interfere with the subsequent oxidation. 

The cerlum(III) nitrate solution containing the tracer is dissolved 
in IN HNq and transferred in 0.5 to 1.0 ml of IN HNO3 to acentrifuge 
cone. A very few milligrams of solid silver oxide is added with 
stirring until an excess persists briefly. 

To separate from cerium and silver, the oxidized solution is diluted 
to 5 to 7 ml with IN HND, . The minimum excess of IM HIO3 is added 
dropwlse to precipitate the cerium and silver. Since the carrying by 
iodates of tracer actinium is very sensitive to the iodate concen- 
tration, use of excess iodic acid results in a decreased yield. 
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The supernatant solutionfrom the iodate precipitation is evaporated 
to dryness and ignited in a platinum crucible. (The very minute 
amounts of material might be strongly adsorbed by porcelain.) Vola- 
tile reagents (hydrogen peroxide, hydrochloric acid, and hydr iodic 
acid) were tried and found unsatisfactory for removing iodic acid. 
However, gentle ignition easily decomposes the solid to water, iodine, 
and oxygen. 

The tracer may be removed from the crucible by washing with 
dilute acid (less than O.IN HNOs is inadequate). 

Purity of Tracer . Spectrographlc analysis' of one batch of ap- 
proximately 10* counts per minute of tracer prepared by this process 
showed the principal impurities to be calcium (more than 5 pg) and 
aluminum (approximately 1 pg) (probably from the glassware). Rare 
earths, platinum, barium, thorium, lead, and bismuth were not de- 
tected. Silver was the only likely impurity not tested for. 

Radioactive purity of the tracer was found satisfactory by obser- 
vation of decay of numerous samples. 

Summary . The McLane-Haissinsky actinium tracer preparation 
has been modified by substitution of cerium for lanthanum carrier. 
The cerium is then removed by oxidation with silver peroxide and 
precipitation with iodic acid. Excess iodate is removed by ignition 
in platinum. 


REFERENCES 

1. C. K. McLane and S. Peterson, Preparation of radioactlvely pure Ac^^MsThJ, 
Paper 19.7, this volume (Argonne National Laboratory Report ANL-4040). 

2. F. Tomkins, Metallurgical Laboratory Memorandum MUC-JIW-6BB. 



Paper 19.9 


TRANSMUTATION OF RADIUM TO ACTINIUM (Ac^^^)! 
By S. Peterson 


1. INTRODUCTION 

Three possible sources of Ac^^^ are occurrence in uranium ores, 
growth in protactinium (Pa*^^), and artificial transmutation of some 
more abundant element. The first method requires a tedious sepa- 
ration of a rare-earth fraction from the uranium ore, followed by a 
difficult separation of actinium from the much larger mass of rare 
earths. The second method would require all the protactinium thus 
fSir isolated to grow 0.2 mg of actinium in 10 years. The third has 
been found to be feasible. Neutron capture by Ra^® yields Ra*^’, which 
should be a relatively short-lived jS emitter, decaying to Ac*^^. The 
availability of gram quantities of radium and the high neutron flux of 
plutonium production piles make possible the production of milligram 
quantities of actinium. 

2. EXPERIMENTAL PROCEDURE 

Approximately 1 mg of Ra^^® was bombarded 13 days in the Clinton 
pile. The active material was rinsed with dilute hydrochloric acid 
from the quartz tube in which it was irradiated and was adsorbed on 
a column of Amberlite IR-1 cation- exchange resin (7 mm in diameter 
and 35 cm long). The actinium was eluted with 150 ml of 0.25M mono- 
ammonium citrate, which tracer experimenis had shown would quan- 
titatively remove actinium but only 1 part in 10® of radium. The 
radium was washed from the column with 3M HCl and was found by 
emanation measurement (analysis by P. Fineman) to contain 0.97 mg 
of Ra“®. 
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The actinium fraction from the first lR-1 column was acidified with 
an amount of hydrochloric acid equivalent to the citrate, diluted to 
O.IOM in citric acid, and adsorbed on a second column similar to the 
first. Again the actinium was removed in 150 ml of 0.25M 

acidified, diluted, and readsorbed on a 7 mm by 35 cm col- 
umn. At this stage the sample was presumably free from Ra”’. The 
third column was washed with O.IM HCl to remove NH^ and with 3M 
HCl to remove the actinium. The first 3M HCl fraction contained 
considerable p activity from the radium series present before the 
bombardment. Lead and bismuth carriers were precipitated from the 
solution with hydrogen sulfide to remove these impurities. The su- 
pernatant solution was combined with the other parts of the eluted 
actinium and evaporated down to a few milliliters volume. Another 
lead-bismuth sulfide separation was made, excess hydrogen sulfide 
was boiled out, and the sample was rinsed into a 5.0- ml volumetric 
flask. 

Because of the difficulty in measuring the very weak j3 radiation of 
Ac”^,lt was not possible to follow the actinium during the separation. 
The usual method of analysis for actinium is to measure activity of 
the decay series, which grows into radioactive equilibrium in four 
months. In the thin actinium samples obtained from this experiment, 
it was possible to observe the growth of a activity of Th”''(RdAc), 
Ra^(AcX), and the short-lived activities in equilibrium with Ra’”. 

The a activity, growing in 60 days into samples of the actinium 
from the* first column, corresponds to 2.95 x 10” disintegrations per 
minute of Ac”''. Sufficient Ra”” to introduce appreciable error in this 
value should not have been present; correction was made for the 20 
per cent Po*^” found by pulse analysis. Calculating from the known 
half life of Ac”'' and the bombardment data, the cross section for 
neutron capture by Ra””' is 20 barns. A similar assay of the actinium 
fraction after final purification showed 1.95 x 10” disintegrations per 
minute. An 18-barn cross section would be calculated from this value 
and the expected 75 per cent chemical yield. 

3. SUMMARY 

One milligram of radium has been bombarded with pile neutrons, 
producing Ac”” corresponding to a cross section of 18 to 20 barns 
for neutron capture by Ra””. The actinium was separated from the 
radium by a resin adsorption- elution process. 



Paper 19.10 

ALPHA BRANCHING OF Ac"’t 
By S. Peterson and A. Ghiorso 


Previous study' of the a decay of Ac‘” has made use of measure- 
ment of the p activity of the decay product Fr“*, yielding at best only 
a rough estimate of the branching ratio. Use of the differential pulse 
analyzer makes possible a branching measurement not subject to the 
errors due to the complex growth of daughter activities and the esti- 
mation of 0 -counting efficiencies. 

The a activity of a freshly purified sample of Ac‘” is given by 

A = Aob 4 Ao(l - b)Xit 4 4AobX,t (1) 

where Ag is the total Ac’” activity in equivalent a counts per minute 
(disintegrations per minute times counting efficiency of ot particles); 
b is the fraction of actinium atoms decaying by a emission; is the 
decay constant of Th’”(RdAc); X^ is the decay constant of Ra’”(AcX); 
and t is time in hours since purification. The time, t, must be shorter 
than 6 hr so there is no appreciable decay of Th*” and Ra*”, and yet 
longer than 1 hr to allow the shorter -lived activities to be essentially 
in equilibrium with their parents. 

The rate of growth of a activity during the period of validity of 
Eq. 1 is then 

^ = Ag(l -b)X,4 4AgbXg 

Substituting the values for the decay constants = 2.59 x 
and Xj = 4.28 x 10“® mln"^ calculated from the half lives 
and 11.2 days^’ this becomes 

~ = Ao(2.59 X 10-* 4 1.46 x 10-‘b) (3) 
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10"“ min"* 
18.6 days’ 
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Combination of a pulse-analyzer measurement of Aob,the a activity 
due to Ac^, with a measurement of the linear rate of growth (tf activ- 
ity in the same sample then yields a value of b. 

A sample of Ac^(obtained from an old Pa”* sample) was purified 
from daughters by the method of McLane.’ The final ignited lantha- 
num oxide containing the activity was dissolved in dilute nitric acid, 
mixed with barium, lead, and thorium nitrate carriers, and carried 
through a second separation from radium and thorium isotopes, evap- 
orated, and Ignited. A portion of the final purified actinium (with lan- 
thanum carrier) was dried and mixed with hydrofluoric acid to give a 
thin, even sample on a platinum disk. 

The sample was counted twice in the differential pulse analyzer, 
giving values of 890 and 908 counts per min In the Ac^^^ peak. In 
one count a Po*^ standard was counted simultaneously; comparison 
showed the actinium particles to have a range of 3.46 ± 0.03 cm, cor- 
responding to an energy of 4.95 t 0.05 mev. The same sample was 
counted in a standard parallel -plate air -ionization chamber over a 
period of 6 hr (starting 1 hr after purification) except for two inter- 
vals during which the energy analyses were made. 

The growth of activity showed appreciable deviation from linearity 
only during the last hour of counting. The rate of growth, dA/dt, 
during the 5 -hr period was found by least -squares analysis of the 
counting data^ to be 1.996 ± 0.020 counts per min. Combining this with 
Agb s899 ± 9 counts per min and using Eq. 3 gives b = 0.0125 ± 0.0002. 

SUMMARY 

By measurement of the rate of growth (rf a activity in an actinium 
sample purified from daughters and or -energy analysis of the same 
sample, Ac”’’ was found to decay 1.25 ± 0.02 per cent by emission of 
a particles of 4.95 ± 0.05 mev. 
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PRODUCTS OF THE DEUTERON AND HELIUM -ION 
BOMBARDMENTS OF Pa”^t 

By D. W. Osborne, R. C. Thompson, and Q. Van Winkle 


1. INTRODUCTION 

During October 1945, there became available in this laboratory 
sufficient Pa”* to permit cyclotron bombardments to produce for 
study a number of isotopes near Pa*** on the isotope chart. The iso- 
topes in the region of Pa*®* that were known at the start of this work 
are shown in Fig. 1. It was expected that bombardment with 22-mev 
deuterons would produce the known protactinium isotopes Pa*®*, Pa®*“, 
and Pa**® by (d,pxn) reactions, the known uranium isotopes U*®* and 
U*®“ by decay of Pa*®* and Pa*®® as well as by (d,xn) reactions, and 
perhaps activities that could be assigned to the unknown isotopes 
U*®* and U®*®. No neptunium isotopes were expected since U*®* and 
U*®° are a emitters, and any uranium isotopes with masses of 231 or 
less would not be expected to decay by iJ- emission. Bombardment 
with 44-mev helium ions was expected to produce the same protac- 
tinium isotopes as in deuteron bombardment (except Pa*®*) by (a,axn) 
reactions, the same uranium isotopes (plus undetectable amounts of 
long-lived U*®® and U*®®) by decay and by (a,pxn) reactions, and Np*®® 
and perhaps unknown neptunium isotopes of mass less than 234 by 
(o,xn) reactions. 


2. EXPERIMENTAL WORK 

The Pa*®* used in these experiments was concentrated from uranium 
ores and residues by members of this laboratory*'® and by A. V. 


tContrlbutlon from the Chemistry Division of the Metallurgical Laboratory, Univer- 
sity of Chicago, now the Argonne National Laboratory. 


I39T 
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Grosse and M. S. Agruss,* All the Pa*“ was highly purified in this 
laboratory by procedures that Included repeated ether extractions of 
dilute nitric acid solutions salted with anunonium nitrate to remove 
traces of uranium and extractions of protactinium from SN to8N HNO, 
solution with dilsopropyl ketone, followed by several washes of the 
ketone with IN HNO, and then precipitation of the protactinium with 
hydrogen peroxide solution. 
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Fig. 1 — Isotopes in tKe region of Ps”' that were known at the beginning of these bom- 
bardments. 

The precipitated protactinium was dissolved in hydrofluoric acid, 
placed on a small platinum interceptor target (0.85 sq cm area) by 
evaporation of the solution to dryness in small portions. Ignited to the 
oxide, and covered with approximately 4 mg/sq cm of aluminum foil. 
The bombardments were carried out by Dr. J. G. Hamilton and co- 
workers with the Berkeley 60 -in. cyclotron. In the first bombard- 
ment, 2 mg of Pa’’^ was bombarded with 452 of deuterons over 

a period of 8 days, then 4 mg of Pa*" was bombarded with 179 fia-hr 
of helium ions over a period of 15 days, and finally 8 mg of Pa'" was 
bombarded with 239 fiA-hr of deuterons over a period of 4 days. At a 
later date two short bombardments with helium ions were made, 
and the material was worked up by two of the authors (Osborne and 
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'niompson) at the Radiation Laboratory in Berkeley, to look for U*®*. 

For all the bombardments the maximum energies of the helium ions 
and of the deuterons were slightly less than the 44-mev and 22*mev 
values originally expected. The maximum energies were 42 and 21 
mev for helium ions and deuterons, respectively, as determined by 
the range of the a particles in air, and the energies of the maximum 
number of helium ions and deuterons as determined by absorption in 
aluminum were 38 and 19 mev, respectively.^ 

Each of the first three targets was returned to this laboratory as 
quickly as possible. Uranium and protactinium fractions were isolated 
chemically from the deuter on -irradiated material, and neptunium, 
uranium, and protactinium fractions were isolated chemically from 
the material that had been irradiated with helium ions. The first 
fraction was isolated 1 to iVi days after the end of the bombardment. 
Aliquots of the fractions were evaporated on platinum foils 0,005 cm 
thick for studying (1) the a activities by decay measurements and 
by means of the differential o -pulse analyzer,” and (2) the Geiger - 
Mueller activities by decay and absorption measurements. 

Decay and absorption measurements were also made on samples of 
unbombarded Pa^”^ under the Identical conditions used for measure- 
ments on the protactinium fractions from the bombardments. The 
purpose of this was to enable corrections to be made for the appreci- 
able Geiger -Mueller activity of the Pa”^ in these fractions. The 
amounts of Pa**^ in the smaller protactinium samples were deter- 
mined by a counting. The decay and absorption curves were usually 
made with two or three samples, varying in activity by steps approxi- 
mately tenfold, and the curves were normalized to one sample by 
means of ratios of the activity taken at suitable times or with suitable 
absorbers. Beta and x-ray standards were counted in each series of 
measurements, and corrections were made for variations in the 
counting rate of the standards. Corrections were also, made for coin- 
cidence losses. Absorbers were placed as near as possible to the 
counter window to minimize the counting of scattered components. 

The instruments used for a counting were: an atmospheric a count- 
er in conjunction with a linear amplifier and scaler manufactured by 
the Cyclotron Specialties Co,; an argon”" carbon dioxide fast counter;*^ 
and a methane proportional counter.” Geiger -Mueller activitiCtS were 
determined with end -window brass -wall counters with mica windows 
of 3,3 to 3.6 mg/sq cm thickness and usually a filling of 1 cm Hg 
pressure of ethyl alcohol and 9 cm Hg pressure of argon.® Xenon- 
filled counters were used in determining decay and some absorption 
curves of the neptunium fraction in the first helium -ion bombard- 
ment. Each counter was provided with a shelf arrangement for holding 
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samples and absorbers at standard distances from the window. The 
body of the counter was surrounded by a close-fitting cylindrical 
sheath of lead 1.2 cm thick, and the counter assembly was enclosed 
in an aluminum -lined housing with lead walls 5 cm thick. A Neher- 
Harper quenching circuit and a Cyclotron Specialties Co. scaler were 
used with the Geiger -Mueller counters . 

3. CHEMICAL PROCEDURES 

The procedure used to isolate the uranium and protactinium frac- 
tions in the deuteron bombardments will now be described briefly. It 
was necessary to destroy carbonaceous material which accumulated 
on the target, probably from the oil diffusion pumps of the cyclotron, 
by fuming with nitric and perchloric acids, or better by ignition in a 
muffle furnace at TSO’C for about 40 min. The material was removed 
from the target by a combination of scraping and dissolving in con- 
centrated hydrofluoric and nitric acids. The solution was evaporated 
to dryness, a little concentrated hydrofluoric acid was added, and the 
solution was evaporated nearly to dryness, so that a trace of fluoride 
remained to aid in holding the protactinium in solution. The residue 
was then dissolved in a few milliliters of 2N HNO 3 . A portion of 
this solution was saved, and the remainder was transferred to a 
small Kjeldahl flask, to which solid ammonium nitrate was added to 
make a solution approximately IN in HNO 3 and 9N to ION in NH^NO,. 
Uranium was extracted from this solution by a technique that is stand- 
ard in this laboratory. Four to six double -volume portions of diethyl 
ether were used, and sufficient nitric acid was added before each 
extraction to keep the acid concentration O.IN or higher. The layers 
were separated by freezing the aqueous layer with solid carbon diox- 
ide and acetone and pouring off the ether layer. Each portion of ether 
was shaken with two or three wash solutions containing O.IN HNO, 
and 9N to ION NH^NO,, and finally the washed ether was stripped of 
uranium by means of water. A fresh portion of water was used for 
each portion of ether. The water extracts, combined and evaporated 
to a small volume, constituted the uranium fraction. The protactinium 
was separated from fluoride and the large concentration of ammonium 
nitrate by twice precipitating it with sodium hydroxide or ammonia 
and washing several times with water. The protactinium hydroxide 
was dissolved in 10 ml of 6 N HNO, per milligram of protactinium, and 
the protactinium was extracted with two or three approximately equal - 
volume portions of dlisopropyl ketone that had previously been shaken 
with an equal volume of 6 N HNO,. The diisopropyl ketone layers were 
shaken first with two washes of water or IN HNO, and then with 3 per 
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cent HjOj solution to precipitate the protactinium. The solution of 
this protactinium peroxide in concentrated nitric acid constituted the 
protactinium fraction. 

Several times it was desired to isolate protactinium and thorium 
daughters from the uranium fraction, and the following procedure was 
generally used. The solution was made IN in HNO, and 9N to ION in 
NH4NO,. Uranium was extracted by several portions of diethyl ether 
and set aside for repetition of the isolation of daughters at a later 
time. Then protactinium was extracted by means of diisopropyl 
ketone. After removal of uranium and protactinium from the aqueous 
layer, thorium was coprecipitated on zirconium iodate. The bulk of 
the carrier was reduced by dissolving the iodate precipitate and pre- 
cipitating a small amount of lanthanum fluoride, which carried the 
thorium. 

The chemical procedure for the material bombarded with helium 
ions included separation of a neptunium fraction. After ignition to 
destroy carbonaceous matter and removal of the material from the 
target by scraping and dissolving in hydrofluoric and nitric acids, the 
solution was evaporated just to dryness, and the residue was taken up 
in dilute nitric acid. Sodium bromate was added, and the solution was 
heated at lOO’C for 10 min to oxidize neptunium to Np(VI). A combined 
neptunium and uranium fraction was then separated by ether extrac- 
tion, following the same procedure used to isolate the uranium frac- 
tion in the deuteron bombardments. The uranium -neptunium fraction 
was evaporated to dryness with concentrated hydrochloric acid to 
convert the nitrates to chlorides and was then dissolved in dilute 
hydrochloric acid. Ammonium iodide and hydrazine hydrochloride 
were added to reduce the neptunium to Np(lV), and the solution was 
then diluted. Neptunium was extracted from this solution withthenoyl- 
trifluoroacetone in benzene and then reextracted into hydrochloric 
acid. The uranium remained in the hydrochloric acid solution and 
was purified further from neptunium by another extraction. A prot- 
actinium fraction was separated by the method used for the deuteron 
bombardments . 

4. RESULTS OF DEUTERON BOMBARDMENTS 

4.1 Pa*** . Decay of the protactinium fractions was followed with a 
mica end -window Geiger -Mueller counter through the following com- 
binations of absorbers: no absorber, 2.0 g/sq cm of beryllium (to 
absorb the 0 radiations), 2.0 g/sq cm of beryllium plus 60 mg/sq cm 
of lead (to absorb the 0 rays and L x rays), and 2.0 g/sq cm of beryl- 
lium plus 5.1 g/sq cm of lead (to absorb all but the hard y radiation). 
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Alter correction for the Geiger -Mueller activity of Pa”^ and its 
daughters, as determined by measurements on unbombarded Pa”* 
under the same conditions, the decay curves could be resolved into 
two hall lives, 31 to 36 hr (average, 33 hr) and 17.7 days, which are 
attributed to Pa*" and to Pa‘^, respectively. Figure 2 shows one 
these decay curves. The value of 33 hr for the half life of Pa’” Is 
satisfactory agreement with the more accurate value of 31.7 hr re- 
ported by Jaffey and Hyde.^" 



Fig. 2 — Decay of protactinium fraction from deuteron bombardment, through 2.0 g/sq 
cm of beryllium plus 5.1 g/sq cm of lead. A, gross decay curve. B, decay curve 
corrected lor Pa”' Geiger -Mueller activity. ResoluUon is shown into a 17.7 -day 
period (Pa'”, curve B) and a 32-hr period (Pa'”, curve C). 


The radiations of the 33 -hr activity were characterized by absorp- 
tion curves in lead, with 2.0 g/sq cm of beryllium covering the sam- 
ple, and by absorption curves in aluminum. These curves were 
determined as soon as possible after separation of the protactinium 
fraction, and corrections were made for Pa’” by comparison with 
curves taken on the same samples 9 days later (Figs. 7 to 10), when 
the 33 -hr activity was much smaller than the 17. 7 -day Pa”** activity. 
Corrections for Pa’” were determined by means of absorption curves 


s a 





Fig. 3 — Absorption of electromagnetic radiations in lead. Sample covered with 

2.0 g/sq cm of beryllium. A, total activity. B, absorption curve of Pa’”, obtained by 
correcting curve A for Pa’" (curve C) and for Pa”‘ (curve D). The half thickness of 
the Pa’” hard y ray is 10.1 g/sq cm of lead (1.02 mev). 
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Fig. 4 — Absorption of electromagnetic radiations in lead. Sample covered with 
2.0 g/sq cm of beryllium. A, total activity. B, absorption curve of Pa’”, bbtained by 
correcting curve A for activity due to Pa’” (curve C) and Pa”' (curve D). After sub- 
traction of the Pa’” hard y ray (curve E), curve D can be resolved into a r ray 
(curve F) of 600 mg/sq cm half thickness (0.21 mev) and a component (curve G) with 
11 mg/sq cm half thickness (23 kev), probably L x rays. 




bombardments 


140S 


on samples of unbombarded Pa^^^ made at the same time under exactly 
the same conditions. 

The absorption curve In lead, with 2.0 g/sq cm of beryllium cover- 
ing the sample, Is given in Figs. 3 and 4. After correction for Pa^” 


\ 



Fig. 5 — Absorption of Pa*” radiations In aluminum. A, total activity.. B, Pa*” alumi- 
num absorption curve, obtained by correcting curve A for Pa** (Figs. 9 and 10, cor- 
rected for decay) and for Pa»*‘ (curve C). Resolution of a hard y component and of L 
X rays (curve D), with half thickness of 78 mg/sq cm (14.6 kev), is shown. 

and Pa““ the curve can be resolved into a hard y-ray component of 
half thickness 10.1 g/sq cm (1.02 mev), a softer r ray of half thick- 
ness 0.80 g/sq cm (0.21 mev), and a component with a half thickness 
of 11 mg/sq cm (23 kev). The last component is probably a mixture 
of L X rays, which have energies of 13.5 to 20.2 kev for ur^lum^ No 
K X rays, which would be expected from decay of 1.4-day Pa by K 
electron capture, were found although 5 counts per minute might not 
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have been resolved. The abundances and energies of the radiations 
are In satisfactory agreement with those observed by Jaffey and Van 
Wlnkle^^ from a sample of Pa*’’ that was not accompanied by any 
oflier activity in an appreciable amount. 



Fig. 6 — Absorption of Pa*" radiations In aluminum. A, total activity. B, Pa*" alumi- 
num absorption curve, obtained by correcting curve A for Pa’** (Figs. 9 and 10, cor- 
rected for decay) and for (Fig. 5, curve C). E, curve B corrected for hard Y and 
L X rays (Fig. 5, curve O), showing ^component with range of about 150 mg/sq cm 
(480 kev) and initial half thickness 33 mg/sq cm, assumed from Jaffey and Van Winkle’s 
results.^^ F, curve E corrected for component with 33 mg/sq cm initial half thick- 
ness, showing 0 component with 6.9 mg/sq cm initial half thickness and range of about 
70 mg/sq cm (about 2B0 kev). G, soft p component, initial hall thickness 1.9 mg/sq cm 
and range about 16 mg/sq cm (about 90 kev). The softest component was not observed 
in Pa*” by Jaffey and Van Winkle and may be spurious or due to Pa***. 

The absorption curve In aluminum Is given in Figs. 5 and 6. This 
curve was made 25 hr before the beryllium -plus -lead curve shown in 
Figs. 3 and 4, on the same samples and under the same conditions. 
The tube had a 3.76 mg/sq cm window, and the samples were at a 
distance of 3.69 cm below the window. The curve can be resolved into 
a hard component; L x rays; a soft 0 particle or conversion electron 
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(assuming an initial half thickness of 33 mg/sq cm and a range of 
about 150 mg/sq cm, corresponding to a maximum energy of about 
480 kev, in agreement with values given by Jaffey and Van Winkle^O; 
a soft 0 particle with an initial hall thickness of 6.9 mg/sq cm, a 
range of about 70 mg/sq cm, and an energy of about 280 kev; and a 
very soft p particle or conversion electron with an initial half thick- 
ness of about 1.9 mg/sq cm, a range of about 16 mg/sq cm, and an 
energy of about 90 kev. These results are in reasonable agreement 
with those of Jaffey and Van Winkle, “ except that they did not observe 
the 90 -kev ^ particle. It is not known at present whether this com- 
ponent is a spurious scattered component arising from the geometry 
or whether it is a or conversion electron from some other isotope 
such as Data were not available from the other deuteron bom- 

bardment to check this curve. 

The yield of Pa’” was estimated from the counts per minute of the 
330-kev 0 particle obtained from resolution of the Pa’” aluminum 
absorption curve, assuming one 330-kev 0 particle per disintegration 
and using a back -scattering factor^’ of 1.60. From the yield estimated 
in this manner the cross section for the formation of Pa’” by the 
reaction Pa’”(d,p)Pa’” was calculated to be 40 x 10 sq cm in the 
first deuteron bombardment and 60 x 10"®^ sq cm in the second. 

4.2 Pa’” . Alpha-pulse analyses soon after separation of the prot- 
actinium fraction showed Pa”^ and a small amount of a activity due 
to the U’” decay series^’ but no other a activity. Repetition of the 
pulse analyses at later dates showed that the U’” series had grown 
into the protactinium fraction, establishing the presence of -emitting 
Pa’”. 

The half life of Pa’” was determined by following through various 
absorbers the decay of the Geiger -Mueller activity in the protactinium 
fraction and in samples of unbombarded Pa”^. The best value is 
17.7 ± 0.5 days from the decay through 2.0 g/sq cm of beryUium plus 
5.1 g/sq cm of lead (Fig. 2), the combination of absorbers through 
•which the fraction of the activity caused by Pa*” wa[s least. A con- 
cordant value has been obtained by Studier and Hyde,** who followed 
the growth and decay of the a activity in samples of Pa**® from deu- 
teron bombardment of Th*** and from these measurements calculated 
a hall life of 17.0 ± 0.5 days for Pa**®. Qecause of the abundant pres- 
ence of Pa*** they were unable to obtain the half life by direct decay 
or to study the radiations of Pa**®. 

The radiations of Pa**® were characterized by absorption curves 
after the Pa*** had decayed until U was nearly negligible. The absorp- 
tlim of the Pa**® radiations in lead with 2.0 g/sq cm of beryllium 
covering the sample is shown in Figs. 7 and 8. After correction for 
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Fig. 7 — Absorption ol Pa*“ electromagnetic radiations In lead. Sample covered with 
2.0 g/sq cm of beryllium. A, total activity. B, absorption curve of Pa**, obtained by 
correcting curve A for Pa*" and Pa*“ (Figs. 3 and 4, corrected lor Pa*» decay). The 
Y component with half thickness 9.4 g/sq cm (0,04 mev) is shown. 
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Fig. 8 — Absorption of Pa*® electromagnetic radiations In lead. Sample covered with 
2.0 g/sq cm of beryllium. A, total activity. B, absorption curve of Pa«, obtained by 
correcting curve A for Pa”‘ and Pa»* (Fig. 4, corrected for Pa*” decay). C, 0.94-mev 
y ray. 0, curve B minus curve C, showing component with half thickness 245 rag/sq cm 
<74 or 131 kev), probably K x rays. E, curve D minus 245 mg/sq cm component, show- 
ing component with half thickness 10.8 mg/sq cm (23 kev), probably L x rays, 
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and for Pa’” (from Figs. 3 and 4, alloiving for 9 days decay), 
the curve can be resolved into a y -ray component with a half thickness 
of 9.4 g/sq cm (0.94 mev), a y ray with a half thickness of 245 mg/sq 
cm (74 or 131 kev, probably 100 kev K x rays), and a softer com- 
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Fig. 0 — Absorption of Pn”” radiations tn aluminum. A, total activity. B, aluminum 
absorption curve of Pa'*, obtained from curve A by correcting for Pa"‘ and Pa** 
(Figs. 5 and 6, corrected for Pa"* decay), showing hard component. C, curve B cor- 
rected for hard component, showing L x-ray component with a half thickness of 7fl 
mg/sq cm (14.6 kev). 


ponent with a half thickness of 10.8 mg/sq cm (23 kev, probably L 
X rays). This curve agrees within experimental error with a beryl- 
lium-plus-lead absorption curve made on a protactinium sample from 
the first deuteron bombardment which was repurlf led chemically after 
decay of the Pa’”. 
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In Figs. 9 and 10 Is shown the aliiminuin absorption curve of Pa***. 
After correction for Pa*** and for Pa*** (from Figs. 5 and 6, allowing 
for 9 days decay) the curve can be resolved into a hard v component 
(a mixture of the 0.94-mev y and the K x rays found in the beryllium- 
plus-lead curve), L x rays (79 mg/sq cm half thickness, 14.6 kev), a 
P component with a range of roughly 130 mg/sq cm (430 kev), a 
component with an initial half thickness of 14 mg/sq cm and a range 
of roughly 50 mg/sq cm (220 kev), and a softer 0 component, possibly 



ALUMINUM, MG /SO CM 

Fig. 10 — AbsorpUon of Pa** radiations In aluminum. A, total activity. B, aluminum 
absorpUon curve of Pa*", obtained from curve A by correcting for Pa**‘ and Pa*" 
(Figs. 5 and 6, corrected for Pa*" decay). D, curve B corrected for hard y and L 
X rays (Fig, 9). This Is resolved Into components with ranges of about 130 mg/sci cm 
(430 kev), 50 mg/sq cm (220 kev) (curve E), and 13 mg/sq cm (80 kev). 


spurious, with a range of about 13 mg/sq cm (about 80 kev). An 
aluminum absorption curve made on a sample of protactinium from 
the other bombardment which was repurified after decay of the Pa*** 
did not show the softest component but otherwise agreed within 
experimental error. 

The abundances of the various components found in the beryllium - 
plus -lead and aluminum absorption curves may be compared with the 
number of Pa**®^“ disintegrations per minute determined from the 
growth of U»». The curves shown in Figs. 7 to 10 have been normal- 
iaed to a sample in which there were 1.01 x 10* Pa**® p disintegra- 




1412 


THE TRANSURANIUM ELEMENTS 


tions per minute at the time the curves were determined. The ge- 
ometry was 4.2 per cent. The results are shown in Table 1, together 
with the back -scattering factors and counting efficiencies used in 
calculating the abundances. The K x rays have been corrected to zero 
absorber assuming a half thickness of 5.0 g/sq cm in beryllium. The 
softest component has not been included in the table. It appears from 
these data that there are 9 K-x-ray quanta emitted per disintegra- 
ti(Hi, Indicating that decay of Pa‘” by capture of a K electron is 9 
times as frequent as decay by emission. A more reliable value of 


Table 1 — Radiatioas of Pa’** from a Sample with l.OI xlO* Pa‘” 
/^'Disintegrations per Minute 


Radiation 

Counts/min 
at no ab- 
sorber 
(4.2%geom.) 

Back-scattering 

factor 

Counting 

efficiency 

Events/min 

220 -kev 

660 

1.60 

100 

0.9B X 10* 

430 -kev 

150 

1.60 

100 

0.22 X 10* 

L X rays 

114 

1.00 

2.0 

14 X 10* 

K X rays 

19 

1.00 

0.5 

9.0 X 10* 

0.94-mev y 

21 

1.00 

1.0 

5.0 X 10* 


10 for the K//3" branching ratio of Pa®** has been determined by M. H. 
Studier and R. J. Bruehlman^* by comparing the yields of Th®** and of 
the U®®” series growing into a large sample of Pa®®° from deuteron 
bombardment of Th®®®. The present data indicate that the 0.94-mev 
7 ray is associated with the decay by K capture and that there is one 
220 -kev j3“ per disintegration to U®“. 

In order to calculate the cross section for the Pa®®^(d,p2n)Pa®®‘’ re- 
action, the value of 10 for the k// 3~ branching ratio of Pa®®° was used 
with observations of the growth of the U®®” series into the protac- 
tinium fraction. A cross section of 23 x 10 ~®® sq cm was obtained in 
the first deuteron bombardment and 37 x 10 ~®'' sq cm in the second. 

4.3 Pa®®* . Other observers**'** have produced this Isotope by the 
reaction Th®®°(d,3n)Pa®®* and have observed a peak due to it in a -pulse 
analyses. This peak decays with a half life of 1.4 ± 0.4 days accord- 
ing to the first observations** and 1.5 ± 0.1 days according to later 
work.** It has been estimated, mainly from consideration of yields, 
that Pa®®* decays approximately 1 per cent by a emission and 99 per 
cent by orbital -electron capture.*® 

In this work qualitative evidence for the presence of Pa®®*, which 
was probably formed by the reaction Pa®®*(d,p3n)Pa®®* and by decay of 
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a short-lived K-capturing U”" formed by a (d,4n) reaction, was ob- 
tained in the following manner; Approximately 20 per cent of the 
original solution from the first deuteron bombardment was evaporated 
to dryness and heated under a heat lamp to remove traces of fluoride, 
the residue was taken up in 6N HNO„ and all but 1 per cent Of the 
protactinium and uranium was extracted with diisopropyl ketone. The 
aqueous layer was made 3N in HF, and 0.3 mg of lanthanum fluoride 
was precipitated by addition of lanthanum nitrate solution. It was 
expected that lanthanum fluoride precipitated in this manner would 
carry actinium but not protactinium. The lanthanum fluoride was 
washed with a mixture of hydrofluoric and nitric acids, slurried on to 
large platinum plates, flamed to drive off Fr^^*, and rapidly placed 
in an a counter to watch for the 5 -min growth characteristic of Ac”^. 
However, about 5 x 10* counts per minute of a activity (0.3 per cent 
of the initial a activity) was carried on the lanthanum fluoride, and 
the 5 -min growth could not be observed above this background. Then 
a sample of the lanthanum fluoride precipitate was left for 40 min in 
an atmospheric a counter, and after removal of the sample the back- 
ground built up in the counter by recoil atoms was followed and was 
found to decay with a half life of 47 min. This is believed to indicate 
Bi®** and Po**®, daughters of Ac”® and Pa”®. 

No evidence for Pa®®® could be found in a -pulse analyses of the 
protactinium fractions. The limit of detection by this method, as- 
suming 1 per cent a branching, gives a cross section of less than 
1 X lO"*’ sq cm for formation of Pa*®®. If there were 5 counts per 
minute of K x rays from Pa®®® which were unresolved in the beryllium - 
plus -lead absorption curve of Fig. 3, the cross section for formation 
of Pa**® (assuming 99 per cent decay by K -electron capture, one K 
X ray per disintegration, and 0.5 per cent counting efficiency) would 
be 9 X 10"*’ sq cm. 

An attempt was also made to find Pa**® by isolating a protactinium 
fraction from a portion of the uranium fraction of the first deuteron 
bombardment 42 hr alter the initial separation. The fraction was ex- 
amined by pulse analysis, and no Pa**® was found. This observation is 
to be expected in view of later work, which has shown U”® to have a 
half life of only 58 min.” 

4.4 U**° . Alpha-pulse analyses of the uranium fraction soon after 
separation showed the five peaks characteristic of the U®*® series,** 
and the total a activity of the uranium fraction decayed with a half 
life close to the known value for U®*®, 20.8 days.** The relative 
amounts of U®*® and Pa®** were determined by a counting of the sepa- 
rated uranium and protactinium fractions and also by a -pulse analysis 
(rf the original solution of the target material. The yield of U®*® was 
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greater than could be accounted for by decay of Pa***, and the ex- 
cess corresponded to a cross section for the reaction Pa‘*^(d,3n)U”'* 
of 5 X 10*^ sq cm in the first deuteron bombardment and 17 x 
In the second. 

4.5 U*“ . This isotope was determined quantitatively in two ways: 
by o -pulse analyses of the uranium fraction after the U’”’ series had 
decayed, and by isolating Its daughter, Th”*, from the uranium frac- 
ticm. In the pulse analyses U*** was not resolved from Po**° and Th*”*, 
but the Po*^° activity could be calculated from the amount of U’" 
originally present in the sample, and the ratio of Th*” to U’” ac- 
tivities could be calculated from the known half lives of Th*” (1.90 
years“) and of U*” (70 years**). The Th*“ content of the thorium 
isolated from the uranium fraction was determined both by following 
the growth of a activity and by pulse analyses. The chemical yield 
was measured by means of UX^ (Th***) tracer. 

The yields of U*** seemed to be in excess of the amounts arising 
from the decay of Pa*”. From the difference the cross section for 
the formation of U*” by the reaction Pa***(d,n) was calculated to be 
5 x 10~” sq cm in the first deuteron bombardment and 23 x 10'*'' 
sq cm In the second. This cross section is very Inaccurate because 
most of the U*** came from decay of Pa***, and the determination of 
the Pa*** was subject to the usual errors of absolute 0 counting. 

4.6 U*** . A new 4.2-day x-ray activity, found in the uranium frac- 
tion, has been tentatively assigned to K-electron capture by U***. 
The assignment has the following basis. From energy considerations 
the only uranium isotopes that could be produced by bombardment of 
Pa*** with 21-mev deuterons are U***, U***, U**®, and U***. These could 
be produced either directly by (d,xn) reactions or by decay of 
protactinium isotopes formed by (d,pxn) reactions. U*** and U**® had 
previously been definitely assigned to other activities by identifica- 
tion of daughter activities known in the natural radioactive series.**’*® 
Orbital -electron capture by U**® was ruled out by the failure to find 
Pa**® by a -pulse analysis d a protactinium fraction Isolated from the 
uranium fraction 42 hr after the initial separation, as mentioned under 
Pa**®, Furthermore, subsequent work by Melnke, Ghiorso, and Sea- 
borg*** has shown that U®*® is a 1-hr K-capturlng isotope. The possi- 
bility that the activity is an Isomeric transition seems to be eliminated 
by the high yield, which is comparable with the yield of U**® by the 
(d,3n) reaction. The remaining possibility is U***. 

The half life was determined by observation of the decay of the ac- 
tivity, as shown in Fig. 11. The half life of the long-lived tail due 
to U**® was taken as 20.8 days,** and a calculated correction for the 
growth of daughters of U**® and U*®* was applied to the decay curve 
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obtained through thin cellophane. t The average value of the half life 
from all the curves is 4.2 ± 0.1 days. 

Lead and aluminum absorption curves of the uranium fraction a few 
days after separation are given in Figs. 12 and 13. The lead curve 



Fig. 11 — Decay of Geiger -Mueller activity in uranium fraction from first deuteron 
bombardment. A, through cellophane (12.1 mg/sq cm total absorber). B, curve A 
minus calculated correction for growth of daughters of U**® and U*". C, through 2.0 
g/sq cm of beryUlum. D, through 2.0 g/sq cm of beryllium plus 77 mg/sq cm of lead. 
The curves are resolved Into 20.8 day and 4.1- to 4.4-day half lives. 


has a small component with 3.0 to 3.5 g/sq cm half thickness (0.40 to 
0.43 mev), one with about 210 mg/sq cm half thickness (70 or 123 
kev), believed to be mainly K x rays, which have an energy of about 
100 kev, and softer components. The aluminum curves show a com- 
ponent with 5.2 g/sq cm half thickness (170 kev), believed to be mai^y 
K X rays, and softer components with half thicknesses of 192 mg/sq 


t Cellophane was used to cover the samples of the uranium fraction to avoid con- 
tamination of the counter with recoil atoms from the U** series. 




5000 



LEAD, G/SO CM 

Fig. 12 — Lead absorption curves of uranium fraction, resolved into curve A, 3.5 g/sq cm half thick- 
ness (0.43 mev); curve B, 210 mg/sq cm half thickness (70 or 123 kev); curve C, 46 xng/sq cm half 
thickness (40 kev); and curve D, 10 mg/sq cm half thickness (13 or 22 kev). 
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cm (20 kev) or less. A lead absorption curve with 2.0 g/sq cm of 
beryllium covering the sample was also taken, and a component with 
a half thickness of 202 mg/sq cm of lead (69 or 121 kev) and softer 
components were found. The softer components may not be signifi- 
cant because the decay curves show that approximately 25 per cent 
of the activity through cellophane was due to the 20. 8 -day tail at the 
time the aluminum absorption curve was determined. Because of the 
growth of daughters of and U’” it was not possible to determine 
the correction by remeasuring the absorption curves after the 

Table 2 -^ Reactions and Cross Sections Observed in Bombardment 
of with 21-inev Deuterons 

Cross section, sq cm x 10“**^ 


Reaction 

Bombardment 1 

Bombardment 2 

Pa*”(d,p)Pa*“ 

40 

60 

Pa“'(cl,p2n)Pa'“ 

Pa”*(d,p3n)Pa“* 

23 

27 

+ Pa”'(d,4n)U>" ~ Pa”‘ 

<1 


Pa”'(d,n)U»” 

5 

23 

Pa«'(d,2n)U“‘ 

3 

7 

Pa^Md.SnjU** 

5 

17 


had decayed. The contribution of the 20.6-day tail was not so im- 
portant for the harder components, but it may account for finding 
somewhat high values for the K x-ray energy. 

The yield of was calculated from the average abundance of the 
K X rays in the absorption curves, assuming a counting efficiency of 
0.5 per cent and one K x ray per disintegration. The cross section 
for the reaction Pa*”(d,2n)U*** was 3 x 10"” sq cm in the first bom- 
bardment and 7 X 10~” sq cm in the second. 

In order to determine the U**' a branching and half life for a emis- 
sion, thorium daughters were Isolated four times from a portion of 
the uranium fraction at intervals from 42 to 475 hr after the Initial 
uranium separation. The thorium daughters, Th”^ and Th”*^ were 
determined by following the growth and decay of a activity 'in the 
thorium fraction. Th”' was found in all the extractions. Th’” was 
found in the first isolation, but none was found in subsequent thorium 
extractions. The Th’” found in the first thorium extraction probably 
was a daughter of Pa”^, and a small amount was extracted with the 
uranium fraction. From the limit of detection of Th*” in these ex- 
periments the U’" a branching is less than 0.05 per cent and the 
half life is greater than 20 years. 
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4.7 Summary of Reactions and Cross Sections . A summary of Uie 
reactions and cross sections observed in the deuteron bombardments 
is given in Table 2. 

5. RESULTS OF HELIUM>ION BOMBARDMENTS 

5.1 Pa*” . The only activity found in the protactinium fraction 
other than Pa®** was Pa®**. However, the proportion of the Geiger - 
Mueller activity due to the Pa®*“ was too small for absorption curves 
of this fraction to be useful for characterization of the radiations of 
Pa®**. The yield of Pa*** was obtained by chemical isolation of ura- 
nium from the protactinium fraction 21 days after the original sepa- 
ration from uranium. A value of 10 was used for the K/0 ~ branching 
ratio‘s in the calculations. Pulse analyses showed only U®** series in 
this uranium fraction. From the yield of Pa®** a cross section of 
6 X 10"®®sq cm was calculated for the reaction Pa®**(a,an)Pa®*’. Some 
Pa®** could conceivably arise from a branching of Np®**, but, since 
the upper limit of the a branching of Np®** is less than 0.1 per cent®* 
(correcting** for the K branching of Pa®**) and the observed yield of 
Np®** was smaller than the Pa®** yield, it follows that the quantity of 
Pa®** that could have been formed by a decay of Np®** was entirely 
negligible. 

5.2 U®** . The most abundant a activity in the uranium fraction, as 
shown by pulse analyses and also by a decay, was the U®** series. The 
yield from all reactions corresponded to a cross section of 0.16 x 10"®® 
sq cm. All this could be accounted for by 0" decay of Pa®**, but be- 
cause of experimental uncertainties the cross section for the forma- 
tion by the reactions Pa®**(a!,p4n)U*** and Pa®®*(a ,an)Np*** -^^U®** 
might possibly be as large as 0.01 x 10"®® sq cm. 

5.3 After decay of the U®*® series, pulse analyses showed 

that there was U®*® in the uranium fraction, and the amount gave 
a cross section of approximately 9 x 10"*® sq cm for the reaction 
Pa®®*(a,p2n)U**® plus possibly Pa*®*{a,3n)Np*®® U*”. 

5.4 About 3 per cent of the initial a activity of the uranium 
fraction seemed to decay with a half life of the order of 1.5 days, 
which corresponds to a cross section of 7 x 10 *** sq cm. In order to 
determine whether this activity was a real one that could be assigned 
to U*®* or merely a spurious instrumental effect, two short hclium- 
lon bombardments were later carried out at the Radiation Laboratory, 
University of California. A combined uranium -neptunium fraction 
was separated quickly and examined with the pulse analyzer. No o 
activities other than the U*®“ series were found, and hence it is be- 
lieved Qiat the effect was merely instrumental error. Other observers 
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have subsequently produced by bombardment of thorium with 
higher energy helium ions and have shown that it is a 58-mln isotope, 
which decays approximately 20 per cent by a emission and 80 per 
cent by capture of an orbital electron.*^ 

5.5 The 4.2-day x-ray activity found in the uranium frac- 

tions of the deuteron bombardments was also found in the uranium 



TiMt, DAYS 


Fig. 14 — Decay of Geiger -Mueller activity in neptunium fraction from helium -ion 
bombardment. A, decay through cellophane. B (half life, 4.2 days), curve A less long- 
lived tail, curve C, due to Pa”’^ contaminant. D, approximately 1.2 -day component of 
decay through cellophane. E (half life, 4.4 days), decay through 2.0 g/sq cm of beryl- 
lium. F (half life, 4.4 days), decay through 2.0 g/sq cm of beryllium plus 59 mg/sq cm 
of lead. G (half life, 4.4 days), decay through 5.0 g/sq cm of lead. Determined on 
xenon -filled counter. 


fraction from the first helium *ion bombardment. Geiger -Mueller 
decay curves and absorption curves were essentially the same for the 
uranium fractions from all the bombardments. The total cross sec- 
tion for the formation of U®** by the reaction Pa*®M«,p3n)U*®^ plus 
possibly the reaction Pa®®Hcf,4n)Np®*^- U*®* was calculated to be 

0,4 X 10^ sq cm from the abundance of K x rays found in the absorp- 
tion curves. 
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5.6 Np^** . An activity with a hard V ray (about 1.9 mey) and K and 
L X rays, which decayed with a half life of 4.4 days, was found in 
the neptunium fraction. The radiations and half life agree with those 
found by Hyde, Studier, and Ghiorso*^ in the neptunium fractions from 
deuteron and helium -ion bombardments of U®”, which have been 
assigned®^ to Np®**. 

Figure 14 shows the decay of the Geiger -Mueller activity in the 
neptunium fraction through various absorbers, as measured on a 
xenon-filled counter. A 4.2- to 4.4-day component was found in all 
the decay curves. The best value for the half life was 4.4 days, ob- 
tained from the decay through 2.0 g/sq cm of beryllium and through 
this amount of beryllium plus 59 mg/sq cm of lead. 


Tabic 3 -- Reactions and Cross Sections Observed in 
Bombardment of with 42-mev Helium Ions 

Cross section, 


Reaction sq cm x 10“” 

Pa”^(of ,flfn)Pa““ 6 

Pa*^Mo ,p2n)U*®* 

♦ Pa”‘(a,3n)Np'"-^U“» 9 

Pa”'(a,p3n)U”‘ 

+ Pa”*(or,4n)Np’"‘ 0.4 

Pa”‘(a,p4n) 

+ Pa”‘(a.5n)Np’“-^U’“ <0.01 

Pa”Maf ,n)Np*** 1.5 

Pa®’* («. fission) 300 


The yield was determined from the K x-ray component of the ab- 
sorption curves, assuming a counting efficiency of 0,5 per cent and 
one K X ray per disintegration. The cross section for the reaction 
Pa*®^(a,n)Np^** was calculated to be 1.5 x 10“^ sq cm. 

5.7 1,2 -day Neptunium . A neptunium p activity with a half life of 

approximately 1.2 days was also found in the decay of Geiger -Mueller 
activity through cellophane (Fig. 14). The sample was examined for 
positrons by means of a crude magnet counter, and none were de- 
tected. The cross section for the formation of the 1.2 -day activity, 
assuming that it was formed from was only 9 x 10‘” sq cm. 

The activity Is believed to be due to 2.33 -day Np®" or 2.10-day Np®“ 
from a small uranium impurity in the sample of Pa*®* that was bom- 
barded. 

5.8 Alpha -fission Cross Section , A rough value for the cross sec- 
tion for fission of Pa*** by 38-mev helium ions was determined by 



measuring the yield of Ba***. Assuming the same yield curve as for 
fissicm of U** by thermal neutrons, a value of 0.3 x 10~" sq cm was 
obtained. 

5.9 Summary of Reactions and Cross Sections . A summary of the 
reacticms and cross sections observed In the first helium-ion bom- 
bardment is given in Table 3. 


6. SUMMARY 

Bombardments of Pa®** have been carried out with 21-mev deu- 
terons and 42-mev helium ions. The Isotopes produced and Identified 
were Pa**®, Pa*“, Pa**®(?), U*”, U®**, and U®* in the deuteron bom- 
bardments, and Pa®*, U®*®, U®®', U**, and Np®* in the helium-ion 
bombardments. Cross sections for the various reactions have been 
determined. 

A new uranium isotope with a half life of 4.2 ± 0.1 days, which 
emits K and L x rays and a few 0.4-mev r rays, has been found and 
tentatively assigned to U®**. The a branching of U®** has been found 
to be less than 0.05 per cent, and the a half life is greater than twenty 
years. 

The radiations of Pa®* and Np** have been characterized by ab- 
sorption measurements, and the results are in essential agreement 
with previous work. 

Pa®* was found to have a half life of 17.7 + 0.5 days by observation 
of the decay of Geiger -Mueller activity through beryllium and lead 
absorbers, and it was found to have a 0.94 -mev y ray, K x rays, L 
X rays, a 0 particle with a maximum energy of approximately 430 kev, 
and a ^particle with a maximum energy of about 220 kev. The abun- 
dances per disintegration into U®*, corrected for counting efficien- 
cies and back-scattering, were approximately 5, 9, 14, 0.22, and 1, 
respectively. These results indicate a K/^~ branching ratio of 9. 
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HALF LIFE OF Th”’ (RADIOACTINIUM) t 
By S. Peterson and A. Ghiorso 


Because of the complicated growth and decay of activity in samples 
of Th*^''(RdAc), previous measurement of the half life^ has depended 
on an involved mathematical analysis of carefully determined activity- 
time curves. Use of the multichannel differential pulse analyzer,* 
which can measure individual a activities in a mixture, is a method 
with fewer Inherent errors. 

Since the oi -particle energies of Th**'' overlap those of its daughter 
Ra***(AcX), simply following decay of Th**'' with the pulse analyzer is 
unsatisfactory. However, samples of the activity mixed with Isotopic 
standards can be purified from daughter activities with measurable 
yields and thus afford a good measure of the rate of decay. 

Thorium lodate was precipitated from an approximately 3M HNO, 
solution containing tracer activity of Th**'' and long-lived Th**” (ioni- 
um). The precipitate was dissolved in nitric acid by use of sulfur 
dioxide and reprecipitated with iodic acid to separate it from Isotopes 
of radium and actinium. The second precipitate was dissolved and 
diluted to a thorium concentration of 0.5 g per liter in 3M HNO,. On 
11 occasions, spread over a period of 76 days, the thorium was pre- 
cipitated from successive 50-microllter portions of the solution and 
repreclpltated a sufficient number of times to ensure complete sepa- 
ration from isotopes of radium. 

Each final lodate precipitate was mounted on a platinum disk, and 
the a particles from Th**^ and Th**" were counted simultaneously in 
the pulse analyzer. The ratio of the two activities was found both 
graphically and by least-squares analysis to decay exponentially with 
a half life of 18.6 ± 0.1 days. 


tContrlbutlon from the Chemletry Division of the Metallurgical Laboratory, Uni 
veralty at Chicago, now the Argonne National Laboratory. 
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Table 1 — Decay of Th*” 



Ratio of 


Ratio of 


a activities, 


a activities, 

Time, days 

Th^VTh*” 

Time, days 

Th"VTh““ 

1.01 

1.654 

31.1 

0.5327 

4.17 

1.420 

40.0 

0.3850 

7.15 

1.300 

50.0 

0.2663 

11.13 

1.121 

62.2 

0.1676 

15.04 

0.0835 

76.1 

0.0979 

10.10 

0.8464 




Summary . Direct decay of Th**’' has been measured by periodical 
purification from daughters of portions of a solution containing Th°^ 
and measurement of the ratio of the two activities with the pulse ana- 
lyzer. The half life is 18.6 i 0.1 days. 
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NUCLEAR PROPERTIES OF U*”: A NEW FISSIONABLE ISOTOPE 

OF URANIUM t 

By G, T. ^eaborg, J. W. Gofman, and R. W. Stoughton 


The bombardment of thorium with slow neutrons produces Th^^^ [by 
the reaction Th®“(n,y)Th*“], which emits ji particles and has a half 
life of 23.5 min. The daughter of Th‘^^ is the 27 .4 -day -emitting 
Pa*”, which in turn decays to U*”. We have measured the radio- 
active and fission properties of U*”. This isotope has a half life 
of about 1.2 X 10* years and emits a particles having a range of 
3.1 ± 0.2 cm. Our measurements on a sample of U*” weighing 3.8 /xg 
show that this isotope undergoes fission with slow neutrons with a 
cross section of the same order as that of U*”. The same result was 
obtained in a check experiment with another sample of U*** weighing 

0.8 ^g. 


tCoiitrlbution from the Department of Chemistry and the Radiation Laboratory, Uni- 
versity of California, Berkeley. 

This paper was mailed from Berkeley, California, to the Uranium Committee in 
Washington, D. C., on April 14, 1942. The experimental work was done during 1941 
and the early part of 1942. 
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PRODUCTION AND PROPERTIES OF AND Pa*“t 
By J. W. Gofman and G. T. Seaborg 


It might be expected that the bombardment of thorium (single iso- 
tope, with deuterons (about 14 mev energy) in the 60-in. 

Berkeley cyclotron would result in the production of the isotope g^Pa^^ 
by the (d,2n) reaction, in addition to the production of ggTh^” by the 
(d,p) reaction and the production of giPa^^’ by the (d,n) reaction. Since 
the g|Pa^ might decay to ggU^^’, which could be very useful as a trac- 
er isotope for uranium, this experiment was undertaken. It was found 
that the deuteron bombardment of thorium produces a 1,6-day and 
V-emitting giPa”*, which decays to a 30-year or -emitting ggU®”. 

A target of metallic thorium was bombarded with 500 ^a-hr of deu- 
terons. After the bombardment the protactinium was isolated chem- 
ically with the help of zirconium as a carrier. The thorium was 
digested for several hours with aqua regia, after which a fairly large 
fraction still remained undissolved. The solid residue was taken up 
in 18N HgSOg and fumed for several hours to convert into the sulfate, 
which then dissolved completely upon dilution of the acid to 3N con- 
centration. Zirconium nitrate was then added to both the aqua regia 
and sulfuric acid fractions, and the protactinium was separated by 
two successive zirconium phosphate precipitations from each fraction. 
The zirconium phosphate precipitates, containing the protactinium, 
were washed with 6N HCl and then dissolved in 6N HF. A small 
amount of thorium fluoride, which had coprecipitated with the zirco- 
nium phosphate, precipitated at this point and was centrifuged out. 
The hydrofluoric acid solution, which contained the protactinium, was 


t Contribution from the Department of Chemistry and the Radiation Laboratory, Uni- 
verslty of California, Berkeley. 

This paper was submitted as a report to the Metallurerical Laboratory of the Pluto- 
nium Project on Oct. 20, 1942. 
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NUCLEAR PROPERTIES OF U*®*: A NEW FISSIONABLE ISOTOPE 

OF URANIUM t 

By G. T. Seaborg, J. W. Gofman, and R. W. Stoughton 


The bonabardment of thorium with slow neutrons produces Th®®® [by 
the reaction Th®®®(n,y)Th®®®], which emits ^ particles and has a half 
life of 23.5 min. The daughter of Th®®® is the 27.4-day /3 -emitting 
Pa*®®, which in turn decays to U*®®. We have measured the radio- 
active and fission properties of U*®®. This Isotope has a half life 
of about 1.2 X 10® years and emits a particles having a range of 
3.1 ± 0.2 cm. Our measurements on a sample of U*®® weighing 3.8 ^.g 
show that this isotope undergoes fission with slow neutrons with a 
cross section of the same order as that of U*®®. The same result was 
obtained in a check experiment with another sample of U*®® weighing 

0.8 /ig. 


tContribution from the Department of Chemistry and the Radiation Laboratory, Uni- 
verslty of California, Berkeley. 

This paper was mailed from Berkeley, California, to the Uranium Committee in 
Washington, D. C., on April 14, 1942. The experimental work was done during 1941 
and the early part of 1942. 
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Paper 19.14 

PRODUCTION AND PROPERTIES OF U”* AND Pa*”t 


By J. W. Gofman and G. T. Seaborg 


It might be expected that the bombardment of thorium (single iso- 
tope, Bo'^h”^) with deuterons (about 14 mev energy) in the 60-in. 
Berkeley cyclotron would result in the production of the isotope siPa^^ 
by the (d,2n) reaction, in addition to the production of by the 

(d,p) reaction and the production of siPa‘” by the (d,n) reaction. Since 
the might decay to bbU^”, which could be very useful as a trac- 

er isotope for uranium, this experiment was undertaken. It was found 
that the deuteron bombardment of thorium produces a 1.6-day and 
y-emitting which decays to a 30-year a -emitting bbU^’^. 

A target of metallic thorium was bombarded with 500 jua-hr of deu- 
terons. After the bombardment the protactinium was isolated chem- 
ically with the help of zirconium as a carrier. The thorium was 
digested for several hours with aqua regia, after which a fairly large 
fraction still remained undlssolved. The solid residue was taken up 
in 16N HbSOb and fumed for several hours to convert into the sulfate, 
which then dissolved completely upon dilution of the acid to 3N con- 
centration. Zirconium nitrate was then added to both the aqua regia 
and sulfuric acid fractions, and the protactinium was separated by 
two successive zirconium phosphate precipitations from each fraction. 
The zirconium phosphate precipitates, containing the protactinium, 
were washed with 6N HCl and then dissolved in 6N HF. A small 
amount of thorium fluoride, which had coprecipitated with the zirco- 
nium phosphate, precipitated at this point and was centrifuged out. 
The hydrofluoric acid solution, which contained the protactinium, was 


t Contribution from the Department of Chemistry and the Radiation Laboratory, Uni- 
versity of California, Berkeley. 

This paper was submitted as a report to the Metallurgical Laboratory of the Pluto- 
nium Project on Oct. 20, 1042. 
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cooled to CC and poured into an excess of ice-cold 4N NaOH. The 
resulting zirconium hydroxide precipitate, containing protactinium 
hydroxide, was centrifuged out and dissolved in 4N HNO3. 

At this stage in the chemical procedure the amount of zirconium 
carrier was reduced by carrying out a fractional precipitation of zir- 
conium iodate. More than 96 percent of the protactinium radioactivity 
was concentrated in the first 10 per cent of the zirconium precipitated 
as the iodate. 

The zirconium iodate was dissolved in ON HCl and a second phos- 
phate-hydrofluoric acid-sodium hydroxide cycle was carried out. 
The final zirconium hydroxide precipitate, containing the protac- 
tinium hydroxide, was dissolved in a mixture of hydrochloric, nitric, 
and sulfuric acids and evaporated to dryness to convert it to the sul- 
fate. The dried zirconium sulfate, 36 mg in weight, was dissolved in 
30 ml of 0.3M NH^F solution; the pH was adjusted to the methyl red 
end point; and the solution was electrolyzed for about 10 hr, a copper 
cathode being used. In this procedure, with about 16 volts across the 
electrodes and about 110 ma of current, the protactinium is deposited 
quantitatively, leaving the zirconium in solution. 

The decay of this sample was followed with a Lauritsen quartz-fiber 
electroscope, with and without lead absorbers. An analysis of the 
decay curve showed, in addition to the 27.4-day Pa”®, a 13- and y- 
emitting activity of 1.6 days half life, presumably due to Pa®®® formed 
in the reaction Th*®®(d,2n)Pa®®®. Since the 1.6-day Pa®®® emits (S par- 
ticles, the daughter must be U®®®. The growth of a particles due to 
U®®® was observed in the sample by using an a -counting ionization 
chamber and linear pulse amplifier together with a magnetic field to 
bend out the very strong 0 -particle background radiation. The growth 
curve indicated a half life of 1 .6 days for the parent activity, which 
was to be expected. 

The possibility existed that the a -particle emitter was actually 
93*®® or 94®®® formed by short-lived successive fi decays from Pa®*®. 
This possibility was disproved by showing that the activity did not 
behave chemically like elements 93 or 94, but rather like uranium. 
Therefore the a emission is certainly due to the isotope U®*®. 

It is interesting to note that mU®®* must be the parent of ,oRdTh®®* 
(radiothorium). Radiothorium emits a particles with a half life of 
1.90 years, and there are four other relatively short-lived o-particle 
emitters among the short-lived active substances that follow in the 
decay chain to stable ^Pb®"®. This means that after the complete de- 
cay of Pa®*® into U®*®, a -particle activity must continue to grow at a 
relatively slow rate (corresponding to a 1.9-year daughter) in the 
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U*“ sample. Observation over a period of 75 days showed that the 
a -particle activity in the sample continued to grow at just the 
rate calculated for the growth of radiothorium (together with its de- 
cay products) . 

Since is too long-lived to permit following its decay readily, its 
half life can best be evaluated by using the measured value of the 
intensity of the /3 particles of the 1.6-day Pa”*, together with the cor- 
responding measured value of the intensity of a particles from the 
daughter U*”. For this purpose the Lauritsen electroscope should be 
calibrated in an absolute manner for the Pa”* radiation, so that the 
electroscope reading can be converted into radioactivity intensity 
units (e.g., microcuries). Since the electroscope was not calibrated 
for Pa*” radiation, a rough answer could be obtained by assuming 
that the efficiency of the electroscope is the same for Pa”* radiation 
as it is for Pa*” radiation, for which the electroscope had been cali- 
brated in previous work. In this manner it was found that 0.12 milli- 
curie of Pa*** p radioactivity decayed to 0.016 microcurie of U*** 
a activity. These data lead to a value of about thirty years for the 
half life of U***. 

Our thick-target yield data are probably worth discussing even 
though they are rather rough. The relative yield of Pa*** to that of 
Pa*** gives the yield of the (d,2n) reaction relative to the sum of the 
(d,n) and (d,p) reactions. [The (d,p) reaction gives the 23.5-min Th***, 
which decays to Pa*”.] In the thorium -plus -deuterons bombardment, 
the value of about 0.4 was obtained for the ratio of the yield of Pa*** 
to that of Pa***. It is interesting to note that the corresponding ratio 
of yields in the bombardment of uranium (thick target) with 60 -in. 
cyclotron deuterons,^ that is the ratio of the yield of 2.0-day 93*** to 
that of 2.3 -day 93**®, is about 0.1. The errors in these values for the 
ratio of the yield of Pa*** to that of Pa*** and the ratio of the yield of 
93**® to that of 93**® are such that these ratios might well be about 
equal. 

Following are the approximate yields per 1,000 ^a-hr of deuterons 
in the 60-in. cyclotron on a pure, thick thorium target: about 10 mil- 
licuries of 1.6-day Pa*** and, from the decay of this, about 1 micro- 
curie of 30-year U***; about 2 millicuries of 27 .4 -day Pa***, and, from 
the decay of this, about 0.001 microcurie of 120,000-year U***. For 
purposes of comparison it may be stated that the bombardment of 5 kg 
of thorium nitrate with the neutrons from 1,000 pa -hr of deuterons on 
beryllium in the 60-in. cyclotron produces about 10 millicuries of 
27.4-day Pa*** and, from the decay of this, about 0.01 microcurie 
(0.5 4 g) of 120,000-year U***. 
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Summary . The bombardment of thorium with deuterons In the 
60-in. Berkeley cyclotron produces, in addition to the 27.4-day Pa”*, 
the new Isotope Pa™, which emits 0 particles and y rays with a half 
life of 1.6 days. The 1.6-day Pa™ decays to U”*, which emits a par- 
ticles with a half life of about thirty years. The Isotope U™, which 
is formed In rather good yield (about 1 microcurie per 1,000 /xa-hr 
of deuterons) will be useful as a tracer isotope for uranium and espe- 
cially useful for tracing microgram and less than microgram amounts 
of uranium. 


REFERENCE 
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Paper 19.15 


DETERMINATION OF THE HALF LIFE OF U®”t 
By E. K. Hyde 


The half life of the a -emitting radioactive isotope, was origi- 
nally determined by Seaborg, Gofman, and Stoughton^ as 1.2 x 10’' 
years. The amounts of available to them were so minute that an 
indirect method had to be employed. This method consisted of meas- 
uring the rate at which a particles were emitted following the com- 
plete decay of a strong sample of Pa?s3, which had been isolated chem- 
ically from a strongly neutron -irradiated sample of thorium nitrate. 
The nuclear transformations involved may be represented as 

,oTh»“(n,y)„Th«», ,„Th*“-^2^,iPa»“ 

From the total a activity resulting from the complete decay of 16 mil- 
licuries of Pa*” activity, the half life of U*” was calculated. 

In this method the experimentally measured activities were subject 
to a number of large corrections owing to the following factors: 

1. The observed Geiger -Mueller activity included a high percent- 
age of conversion electrons (1.3 conversion electrons per Pa’** 0 
particle). 

2. The back -scattering of the Pa’^’ p particles frbm the copper 
disks on which the samples were mounted was high (49 per cent) . 

3. Ten per cent of the observed a activity represented Pa*** ac- 
tivity resulting from an (n,2n) reaction in the original bombardment. 

4. The counting -yield factor of the a counter used was 45 per cent. 
Since the figure* accepted at time of this writing for the counting - 
yield factor of the same type of a counter is 52 per cent, this may 
have introduced an error of several per cent. 


tContrlbutton from the Chemistry Division of the MetallurKical Laboratory, Univer- 
sity of Chicago, now the Argonne National Laboratory. 
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Uncertainties in the corrections necessitated by these factors re- 
duced the accuracy of the determination and made It desirable to re- 
peat the determination by a direct method when more material was 
available. This has now been done with samples of several milli- 
grams of chemically pure The new value obtained for the half 
life is 1.62 (±0.01) x 10* years. 

Preparation and Purification of U^” . The uranium used in the de- 
termination was produced by irradiation for several months of thori- 
um with the neutrons of the uranium-graphite chain -re acting pile at 
the Clinton Laboratories . An ether extraction of the solution formed 
by the dissolution of the irradiated thorium in nitric acid was em- 
ployed to extract the uranium from the large quantities of thorium 
and from smaller amounts of protactinium, fission products, and other 
impurities. One sample of was isolated in this way by Hagemann, 
Katzin, and Studier;^ a second sample was later isolated from a sep- 
arate batch of irradiated thorium by Hagemann.* 

For further assurance of chemical and radiochemical purity these 
samples were subjected to several precipitations including those of 
ammonium diuranate by ammonia, of sodium uranyl acetate from di- 
lute acetic acid solution, and of uranyl peroxide by 10 per cent hy- 
drogen peroxide. The final treatment was an ether extraction from a 
solution 0.2N in HNO, and saturated with ammonium nitrate. 

Determination of Isotopic Purity . It was necessary to measure 
the .specific a disintegration rate and the isotopic purity of the ura- 
nium samples in order to calculate the half life of pure The iso- 
topic purity was determined through the kind cooperation of Dr. A. 
J. Dempster and members of his section by mass -spectrographic 
analysis. 

Using uranium tetrafluoride samples prepared by Hagemann’ and 
employing a direct electrometer comparison of the ions collected, in- 
cluding a correction for the scattering of the U’” atoms to the 
position, these investigators found the U’” content to be 96.4 ± 0.4 
per cent in these samples.’ It was fortuitous that these two U”’ 
preparations had identical isotopic purities. 

The source of the U”” isotope found as an impurity was a small 
concentration of natural uranium in the thorium used in the produc- 
tion of the U®”. 

Determination of the Specific Activity . A sample of the purified 
U®” was Ignited to in a weighed platinum crucible at 750“ C- 
This oxide was dissolved in nitric acid, quantitatively transferred to 
a calibrated volumetric flask, and diluted to volume. Aliquots, rang- 
ing in size from 50 to 250 microliters, were removed by means of 
calibrated micropipets, transferred to separate volumetric flasks. 
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and diluted to volume. Aliquot samples of the resulting solutions were 
mounted on platinum disks and counted in a standard pulse ionization 
chamber.^ A resolution -loss correction of 0.8 per cent per 1,000 
counts per minute was applied. In one case, instead of making a di- 
lution, aliquot samples of the first solution were mounted on counting 
disks and coimted in a nitrogen -filled a counter equipped with a scale- 
of-64 scaling circuit.* With this counter the coincidence correction 
was negligible. The samples were counted for a length of time suffi- 
cient to reduce the probable fractional error to less than 0.3 per cent. 

The contribution of the impurity to the measured a activity is 
entirely negligible, since it is approximately a one -millionth part of 
the total activity. 

Results . Summarized in Table 1 are the details of the individual 
determinations. 


Table 1— Half Life of U"” 



Determination 

It 

2 

3 

Weight oxide, mg 

5.273 

B.15 

1.49 

Mass-spectrographic analysi.s:^ 




U”’. % 

96.4 t 0.4 

96.35 * 0.4 

96.35 t 0.4 

U2.1. (IT, 

3.6 ± 0.4 

3.65 1 0.4 

3.65 1 0.4 

Volume of first solution, ml 

25.0 

50.0 

10,00 

No. of dilutions 

4 

1 

0 

No. of aliquots counted 

10 

2 

2 

Mean corrected aliquot count 

1,B95 

723 

13,200 

Dilution factor! 

2.49 > lO-* 

1.000 X 10* 

1.000 X 10’ 

Counting yield, % 

52 

52 

52 

Calculated specific activity, 

2.11 x icr 

2.09 X l(y 

2.09 X lO’ 

disintegrations per min 




per jig pure I 




Calculated half life, vears | 

1 

1.61 X 10^ 

1.63x105 

1.63 X lO'* 


tThe U*” isolated by Hagemann, Katzin, and Sludier* was used in determina- 
tion 1. The U”®used in determinations 2 and 3 was isolated in a later prepi\ration 
by Hagemann.^ 

jThe dilution factor is the number by which the aliquot count must be multiplied to 
give the a count of the entire sample. 


The best value of the half life is 1.62 (10.01) x 10® years. Possible 
error in the 52 per cent counting -yield factor* used in the calculations 
is not Included in the limits of error. When this factor is determined 
directly for samples mounted on platinum and emitting particles of 
the energy of the IP” a particle, a recalculation of the half-life value 
may be necessary. 
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SUMMARY 

The half life of the a -emitting Isotope has been redetermined 
to be 1.62 (10.01) x 10’ years. 
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Paper 19.16 

DETERMINATION OF THE HALF LIFE OF lONIUMt 


By E. K. Hyde 


The thorium isotope of mass 230, called “ionium,” is present in 
all uranium ores because It Is a member of the uranium decay chain. 
Ionium isolated from these ores is always contaminated with thorium 
232. Hence the determination of the half life of pure ionium by meas- 
urements of naturally occurring ionium Involves a determination of 
the isotopic composition as well as the determination of the specific 
disintegration rate of the sample. 

The presently accepted value of the ionium half life was determined 
by Curie and Cottelle,^ who measured the rate of growth of radium into 
a mixed sample of ionium and thorium, the Isotopic composition of 
which had been determined gravimetrlcally by Hoenigschmid and 
Horovitz.’ The radium was measured indirectly by measuring the 
radon in equilibrium with it. The value so determined was 8.23 x 10* 
years, the limit of error being set at 3 per cent. 

This paper reports a redetermination of the ionium hall Hie, ef- 
fected by measuring directly the specific a disintegration rate of an 
ionium -thorium mixture, the isotopic composition of which had been 
determined by mass-spectrographic analysis. The value obtained in 
these experiments was (0.0 ± 0.3) x 10* years. 

This determination would not have been possible without the mass 
spectrographlc measurements of Wilfred Rail and A. J. Dempster. 

EXPERIMENTAL WORK 

The ioni um sample was purified by a number of precipitations in- 
cluding a hydroxide precipitation with ammonia and an oxalate pre- 
cipitation from IN HNO 3 . The final purification’ was carried out by 
repeated extraction with diethyl cellosolve from an aqueous solution 

tContrlbutlon from the Chemistry Division of the Metallurgical Laboratory, Univer- 
sity of Chicago, now the Argonne National Laboratory. 
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ION in NH^NO, and IN in HNO,. The ionium was removed from the 
diethyl cellosolve with distilled water. This extraction effects ex- 
cellent purification of thorium from traces of all impurities* except 
one or two of the heavier element nitrates, which are removed by the 
previous precipitations. 

A portion of the purified ionium was given to Wilfred Rail and 
A. J. Dempster, who kindly determined the isotopic composition in 
the mass spectrograph. In nine separate trials, using a direct elec- 
trometer comparison of the ions collected, they obtained a best value 
of 26.4 ±1.1 per cent for the atomic percentage of ionium in the 
sample. Their determination is described in detail elsewhere.* 

The main portion of the purified sample was transferred to a small 
platinum crucible, precipitated as oxalate, and ignited at 700° C to 
convert the oxalate to the dioxide. The crucible was weighed, and the 
oxide was dissolved in concentrated nitric acid containing* O.OIN HF 
and transferred to a weighed 10-ml mixing cylinder. The crucible 
was relgnited and reweighed. The solution was diluted to 10 ml with 
water and perchloric acid to make a solution 5N in perchloric acid. 
After the mixing cylinder had been reweighed, weighed aliquots of 
this solution were removed and diluted to 10 ml with 5N HCIQ,. 
Weighed aliquots of the diluted solutions were then mounted on 1 -in. 
quartz disks by means of the gravimetric aliquoting method described 
by Westrum.^ These samples were counted in several pulse ioniza- 
tion a -counting chambers, and a counting yield factor of 52 per cent 
was applied.* The contribution of the Th*** a particles to the total 
a count was entirely negligible. 

The specific activity determination was checked in the following 
manner. The ionium was precipitated from the perchloric acid solu- 
tion as the oxalate, redissolved by passing SC^ into an aqueous sus- 
pension of the oxalate, reprecipitated as the hydroxide, and dissolved 
in nitric acid. Ammonium nitrate was added to this acid solution, and 
the ionium was extracted with redistilled diethyl cellosolve. The 
specific activity of this repurified ionium was redetermined in ex- 
actly the same manner as described above. 

The data and calciilations are summarized in Tables 1 and 2. 

The average value of the half life derived from the two specific ac- 
tivity determinations is 8.05 x 10* years. The accuracy of this value 
is limited principally by 'the error associated with the mass-spectro- 
graphlc analysis. The specific disintegration rate determination is 
accurate to within 0.5 per cent, whereas the standard error associ- 
ated with the isotopic composition is 4 per cent. In addition, some 
uncertainty is attached to the use of a counting yield factor of 52 per 
cent for the ionium samples moimted on quartz since this factor has 
not been directly determined for this combination.* 
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Table 1 — Data for First Specilic Activity Determination 


Wt. of dioxide, mg 


Wt. of solution, g 


Wt. of aliquot, g 


Wt. of diluted solution, g 


Wt. of aliquot of 

0.0647 

diluted solution, g 


Disintegrations per 

3,417 

minute in aliquot 


Calculated specific activity, 

11,270 


disintegrations per minute 
per microgram 
Average value of 
specific activity 
Percentage of ionium 
in sample 

Calculated specific activity 
of pure ionium, disintegrations 
per minute per microgram of 
metal 

Half life of ionium, years 


6.91 

13.311 

0.1336 0.1337 

12.991 12.665 


0.0641 

0.0632 

0.0633 

3,368 

3,442 

3,446 

11,290 

11,310 

11,300 


11,290 

26.4 

42,770 


8.07 X 10* 


Table 2 — Data for Second Specific Activity Determination 


Wt. dioxide, mg 


5.45 



Wt. of solution, g 


13.681 



Wt. of aliquot, g 


0.1346 


0.1357 

Wt. of diluted solution, g 

12.905 


12.834 

Wt. of aliquot of 

0.0635 

0.0637 

0.0623 

0.0632 

diluted solution, g 
Disintegrations per 

1,368 

1,390 

1,344 

1,374 

minute in aliquot 

Calculated specific activity. 

11,370 

11,510 

11,220 

11,320 

disintegrations per minute 
per microgram 





Average value of specific 


11,360 



activity, disintegrations per 
minute per microgram of 
metal 





Percentage of ionium 


26.4 



in sample 

Calculated specific activity 


43,000 




of pure ionium, disintegrations 
per minute per microgram of 
metal 

Half life of ionium, years 


0.03 X 10* 
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This redetermination of the ionium half life agrees, within e:q>eri- 
mental error, with the value reported by Curie and Cottelle.^ The 
fact that these two completely independent methods yield the same 
value increases the confidence with which the value may be accepted. 
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A NEW ISOTOPE OF PROTACTINIUM: Pa”*t 
By E, K. Hyde, M. H. Studier, H. H. Hopkins, Jr., and A. Ghlorso 


The known isotopes of protactinium include Pa*” (UX,), 

Pa*”,* and the recently discovered Pa**“.^ Evidence has been found 
for a new Isotope of protactinium. Pa***, produced by the reaction 
Io**°{d,3n)Pa**‘'. 

A 35 -mg sample of the dioxide of an ionium -thorium mixture 
(26.4 per cent Io**“, 73.6 per cent Th***) was bombarded with 70 fia-hr 
of 22-mev deuterons in the Berkeley 60-in. cyclotron by Dr. Hamilton 
and his colleagues. 

The dissolution of the target and the separation of a protactinium 
fraction by diisopropyl ketone extraction were done in a manner very 
similar to that described elsewhere.* 

A search in the protactinium fraction for unidentified activities that 
might be due to Pa*** and Pa*** revealed the presence of a previously 
unknown a emitter. The decay of this activity could not be followed 
directly because U*** and its daughters were growing into the protac- 
tinium fraction.! 

However, it was possible to follow the decay of the unknown activity 
by making frequent measurements of the a -ray spectrum of the 
protactinium fraction with a pulse analyzer* and by following the 
decay of the unknown peak. From such measurements a half life of 
1.4 i 0.4 days was determined. The energy of the a particle, deter- 
mined by the relation of its peak in the a spectrum to the peaks of the 
protactinium series, was estimated to be 5.4 mev. 


tContrlbuUon from the Department of Chemistry and the Radiation Laboratory, 
University of California, Berkeley, and from the Chemistry Division of the Metallur- 
gical Laboratory, University of Chicago, now the Argonne National Laboratory. 

tThe U”” resulted from the p decay of the Pa”* formed during the bombardment by 
the reaction Io*“(d,2n)Pa“®, as well as by the reaction Th“*(d,4n)Pa’”. 
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The mass assignment was made by isolating and identifying isotopes 
of the neptunium (4n-t-l) series^ from an initially pure protactinium 
fraction 1 or 2 days after the protactinium fraction had been isolated. 
Alpha emission of Pa^^” produces Ac^^‘ and thus gives rise to the 
whole neptunium series below Ra^^^. Hence the identification of those 
products is proof for the mass assignment. The amount of Ac^‘‘ that 
would have grown into the protactinium fraction from the Pa“® [pres- 
ent owing to the nuclear reaction Th**®(d,n)Pa*®®] was calculated and 
found to be entirely negligible. 

The experimental evidence for the isotopes of the neptunium series 
was obtained as follows: An aliquot of the protactinium fraction was 
made IN in HF, and lanthanum fluoride was precipitated by the ad- 
dition of 1 mg of lanthanum nitrate. This precipitation is known to 
carry actinium in good yield but not protactinium. When this fluoride 
precipitate was slurriedonto a platinum plate, it showed the behavior, 
characteristic of Ac^^’,of growing in a activity with a half-life period 
of 5 min immediately after flaming the plate to red heat to drive off 
the volatile 87^“**. The a count grew from 2,200 counts per minute to 
2,900 counts per minute with a 5 -min period changing over into an 
approximately 45 -min period as Bi*“ grew in. A recoil -atom activity 
amounting to 56 counts per minute, which was left in the a counting 
chamber after the sample was removed, decayed with tlie 5 -min half 
life of 87”*, 

The lanthanum fluoride precipitate was dissolved in concentrated 
nitric acid, evaporated to dryness, and taken up in dilute nitric acid. 
From this solution Bi^*^ was separated by coprecipitation of lead 
sulfide when 0.5 mg of lead nitrate and hydrogen sulfide were added. 
The a count of the sulfide sample decayed from an initial 280 counts 
per minute to 3 counts per minute with a half life of 45 ± 3 minutes. 
These a particles resulted from Po^*^, disintegrating at a rate de- 
termined by the rate of formation from its 47 -min /1-emitting parent, 
Bi”*. 

From theoretical considerations it is expected that the a decay of 
Pa”” is paralleled by an electron-capture decay. The low energy of 
the Pa”” et particle was unexpected because of its 1.4 -day half life, 
and this may indicate that the true a half life is considerably longer. 
It was not possible to prove this by observing a 1.4 -day x-ray decay 
in samples of the protactinium fraction because the Pa”” activity was 
masked by a high background from the Pa”””, Pa””, and Pa””° radia- 
tions. The Pa”””, in particular, made the measurements almost im- 
possible because of the near identity of the Pa””” and Pa””” half lives. 

The nuclear reaction Th”””(d,2n)Pa””” occurred with a cross section 
of 4 X lO"”” sq cm in this bombardment; the reaction Io””®(d,3n)Pa**® 
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occurred with a cross section of only 0,24 x 10"^^ sq cm, assuming 
that Pa*”” decays solely by a emission. Since the cross >section data 
now available for bombardments of heavy nuclei with 22-mev deuter- 
ons Indicate that (d,2n)and (d,3n) reactions should occur with approxi- 
mately equal cross sections, the low value of this second figure may 
be taken as evidence for branching decay of Pa^’ by orbital -electron 
capture. 

No evidence was found for the unknown Isotope Pa”‘, which Is 
imdoubtedly formed In the bombardment by the nuclear reaction 
Io*”(d,4n)Pa”". 


SUMMARY 

A new Isotope of element 91, Pa””, has been produced by the nu- 
clear reaction, Io””°(d,3n)Pa”*. This isotope emits a particles of 
5.4-mev energy with an apparent half life of 1,4 1 0.4 days. It is be- 
lieved that Pa”” decays principally by orbital -electron capture, but 
the X rays were not detected because of conflicting activities. 
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Paper 20.1 


CRYSTAL STRUCTURE STUDIES OF OXIDES OF PLUTONIUMt 
By R. C. L. Mooney and W. H. Zacharlasen 


1. PuO^I 

In November 1943 Dr. P. Kirk submitted a sample of plutonium 
oxide for x-ray diffraction study. The sample consisted of about 10|iig 
of yellow powder imbedded In a small piece of lucite. 

The specimen gave a satisfactory x-ray diffraction pattern using 
CuK radiation filtered through nickel foil. The observed diffraction 
lines corresponded to a face -centered cubic structure with a = 5.37 A. 
The sample probably contained impurities in solid solution because 
later samples of high purity gave a = 5.386 ± 0.001 A. The diffraction 
data as obtained with a later sample are shown in Table 1! 

When the sample was submitted the yellow plutonium oxide was 
generally believed to be PuO,. However, no chemical analysis had 
been made because of the small amounts of plutonium available at the 
time. Hence there was some uncertainty as to the formula PuO, being 
correct. 

It had been shown that an oxygen atom in uranium compounds re- 
quired a volume of 19 A‘, this value being accurate to 10 per cent.’ 
The observed Intensities require four metal atoms per unit cell and 
since the volume of the unit cell is 155 a’, it contains 155 19 or eight 
oxygen atoms. The formula PuO, was thus confirmed by the crystal 
structure data. 

Using the later value of a = 5.386 ± 0.001 A the calculated density 
becomes p = 11.44 ± 0.01. 


tContrlbutlon from the Physics Division of the Metallurgical Laboratory, University 
of Chicago, now the Argonne National Laboratory. 
tSee bibliographic reference 1. 
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Compared to plutonium the effect of oxygen on the intensity of x-ray 
scattering is small. It is observable, however, and shows that PuO, 
has the fluorite type of structure. The last column of Table 1 shows 
the intensities as calculated from the expression 


I (calc.) 


F|»p 1 ^ co^ 29 
sin* 9 cos 6 


( 1 ) 


where F is the structure factor and p the multiplicity factor. Since 
the effects of heat motion and of absorption are not taken into account 
in Eq. 1, calculated and observed intensities should be compared only 
for neighboring reflections. 


Tabic 1 — X-ray Diffraction Data for PuOb (CuKor) 


sin* G 

h,h,H3 

I (obs.) 

I (calc.) 

0.0626 

111 

VS 

14.8 

0.0834 

200 

W+ 

5.7 

0.1658 

220 

S 

7.2 

0.2272 

311 

S4- 

7.0 

0.2480 

222 

w 

1.6 

0.3903 

331», 

M 

2.8 

0.4108 

420o, 

M- 

2.1 

0.4918 

422a^ 

M 

2.5 

0.5526 

511a 333a j 

M 

2.5 

0.6547 

440a^ 

W- 

1.0 

0.7154 

531a^ 

S 

3.7 

0.7357 

600a| , 442ai 

M 

2.0 

0.8162 

620a, 

M+ 

2.6 

0.8770 

533a, 

M+ 

2.8 

0.8973 

622a, 

M+ 

2.7 

0.9785 

444a, 

W+ 



In the PuO^ structure each plutonium atom is bonded to eight oxygen 
atoms with Pu-0 = 2.322 A. The relation of PuO, to other dioxides 
is discussed in National Nuclear Energy Series, Division IV, Volume 
14 A. 

2. Pu 20 ,-Pii 40 , . 

In January 1944 Dr. J. Karle submitted a sample that he had pre- 
pared in an attempt to reduce PuFs with atomic hydrogen. 

The x-ray diffraction pattern showed the sample to contain 50 per 
cent PuO,, 15 per cent of a phase that was Identified as PuN, and 
35 per cent of a third phase.* The third phase was found to be body- 
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centered cubic with a lattice constant a » 11.01 ± 0.01 A. The ob- 
served Intensities and sine squares for the diffraction Unes of this 
phase up to sin* 6 = 0.5 are shown in Table 2. 

It Is seen from Table 2 that there is a face -centered pseudo lattice 
with half the lattice constant of the true cell. 


Table 2 — X-ray Diffraction Data for Pu,0,-Pu^0^ (CuKa) 


I (obs.) 

Sin* a = (HJ 

+ + H!) 

X 

AV4a* 

VW 

0.0292 = 

6 

X 

0.00487 

VS 

0.0589 = 

12 

X 

0.00491 

M 

0.0788 = 

16 

X 

0.00493 

VW 

0.0879 = 

IB 

X 

0.00488 

vvw 

0.1076 

22 

X 

0.00489 

w- 

0.1273 = 

26 

X 

0.00490 

trace 

0.1462 

30 

X 

0.00487 

S 

0.1572 

32 

X 

0.00491 

ST 

0.1641 = 

34 

X 

0.00488 

VW- 

0.1867 = 

38 

X 

0.00491 

trace 

0.2061 = 

42 

X 

0.00491 

MS 

0.2157 = 

44 

X 

0.00490 

S- 

0.2252 = 

46 

X 

0.00490 

vw 

0.2355 ^ 

48 

X 

0.00491 

w 

0.2459 = 

50 

X 

0.00492 

trace 

0.2642 = 

54 

X 

0.00489 

W- 

0.2730 ^ 

56 

X 

0.00488 

VW 

0.3138 = 

64 

X 

0.00490 

WT 

0.3267 « 

66 

X 

0.00495 

trace 

0.3428 = 

70 

X 

0.00490 

VVW 

0.3624 = 

74 

X 

0.00490 

W+ 

0.3714 ^ 

76 

X 

0.00489 

Mt 

0.3807 ^ 

80 

X 

0.00487 

true 

0.4223 » 

86 

X 

0.00491 

WW 

0.4938 w 

90 

X 

0.00489 

wt 

0.4605 

96 

X 

0.00489 

W+t 

0.4904 « 

100 

X 

0.00490 


tColncldence with diffraction lines of f*uO| or PuN. 


Because of the similarity of the x-ray diffraction of this phase to 
that of the modification C of the rare-earth sesquloxldes, It was con- 
cluded that the phase was Pi^O, with 16 molecules per unit cell. 

The phase was next observed In September 1944 In the x-ray dif- 
fraction pattern of a sample that Dr. B. F. Westrum had prepared by 
heating PuO, to 1700*C. No other- phases were found In this sample. 
The lattice constant was found to be a « 10.946 1 O.OOS A. 
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Because of the variation of the lattice constant and because the 
hexagonal La^O^ structure was to be e]q>ected for PujOj from the ionic 
radius of Pu***^ it was concluded that the phase under discussion con- 
tained excess oxygen with the composition lying in the range PugOs- 
PU 4 O, (reference 4). 


3. PuOT 

In December 1943 Dr. Sherman Fried'' treated plutonium fluoride 
with barium and submitted the resulting sample for x-ray analysis. 


Table 3 — X-ray Diffraction Data for PuO (CuKa) 


sin’ B 

HjHaH, 

I (obs.) 

I (calc.) 

0.0730 

111 

M+ 

10.8 

0.0974 

200 

M 

6.5 

0.1937 

220 

M 

5.0 

0.2667 

311 

S 

4.8 

0.2906 

222 

w 

1.4 

0.3890 

400 

vw 

0.8 

0.4606 

331 

M 

2.1 

0.4843 

420 


2.4 

0.5799 

422 

M4 

2.0 

0.6532 

511p 333 

s- 

2.2 

0.7728 

440 

w 

1.1 

0.8448 

531a2 

s+ 

4.6 

0.8689 

442 a ( i , 600 a | 

s 

3.5 

0.9655 

620 a | 

S4> 

3.5 


The data as taken from the original x-ray diffraction pattern are 
shown in Table 3. The observations correspond to a cubic face- 
centered structure with a = 4.948 ± 0.002 A. Dr. Fried made chemical 
tests which indicated that the material was some suboxide of pluto- 
nium rather than plutonium metal. 

The small effect of the oxygen atoms on the intensity of x-ray 
scattering Indicates the sodium chloride type of structure and the 
phase was accordingly tentatively identified as PuO (reference 6 ). 

The calculated density of PuO is p= 13.69. Column 4 of Table 3 
gives the Intensities calculated from Eq. 1. 

Each pliRonium atom is /bonded to six oxygen atoms at a distance 
Pu-0 = 2.474A. 



1440 THE TRANSURANIUM ELEMENTS 

PuO and other Interstitial compounds of plutonium are discussed In 
National Nuclear Energy Series, Division IV, Volume 14 A. 

4. PLUTONIUMdV) PERQiaDESt 

Samples of peroxides of tetravalent plutonium have been examined 
by the x-ray diffraction method. Two different phases have been 
observed, but the authors do not know the exact chemical formula of 
either phase. One of these phases was first observed in a sample 
submitted by Dr.S. G. English of the Clinton Laboratories. This phase 
Is probably cubic face-centered with a = 16.5 ± 0.1 A (reference 9). 
The second phase was first observed In a sample submitted by Dr. 
J. W. Hamakerof the University of California in Berkeley. This phase 
gave an x-ray diffraction pattern corresponding to a two-dimensional 
hexagonal lattice with aj = 4.00 ± 0.02 A (reference 10). The analogous 
thorium phase (with a^ = 4.15 ± 0.02 A) has been observed. 

5. SUMMARY 

This paper contains a brief account of the crystal structure studies 
of oxides of plutonium. 

PuO, has been found to have the fluorite type of structure with 
a = 5.386 ± 0.001 A and a calculated density of p = 11.44 ± 0.01. 

Another plutonium oxide phase was Identified as PUgO, with some 
excess oxygen corresponding to a composition in the range PUgO,- 
Pu^O.,. This phase is cubic body-centered with a = 11.01 ± 0.01 A and 
32 plutonium atoms per unit cell. The structure is similar to that of 
the C modification of the rare earth sesquloxides. 

A suboxide of plutonium was Identified as PuO. It has the sodium 
chloride type of structure with a = 4.948 ± 0.002 A and a calculated 
density of p = 13.89 ± 0.02. 

Some x-ray data for two plutonium peroxides have been given. One 
of these peroxides gives an x-ray diffraction pattern corresponding 
to a two-dimensional hexagonal lattice with a^ = 4.00 ± 0.02 A. The 
other peroxide is cubic face-centered with a = 16.5 ± 0.1 A. 
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Paper 20.2 


THE CRYSTAL STRUCTURE OF PLUTONIUM NITRIDE 
AND PLUTONIUM CARBIDEt 

By W. H. Zachariasen 


1. ORIGIN OF THE PLUTONIUM NITRIDE SAMPLES 

J. Karle attempted a reduction of PuF, with atomic hydrogen and 
submitted the resulting preparation for x-ray diffraction study. 

The diffraction pattern showed the sample to contain about 50 per 
cent PuO,, 35 per cent of a phase identified as Pu^O, with some ex- 
cess oxygen, and 15 per cent of a third phase tentatively identified as 
plutonium nitride.* Subsequent samples, described below, confirm the 
identification of the third phase as plutonium nitride. 

The plutonium nitride phase was next observed in x-ray diffraction 
patterns of samples prepared by E. F. Westrum and B. M. Abraham.^ 
Westrum’s sample was made by treating plutonium metal with am- 
monia on a platinum support at 1000” C. The x-ray examination 
showed it to contain 40 per cent PuO,, 35 per cent PuN, and 25 per 
cent unidentifiable constituents. Abraham made his sample by heat- 
ing PuCl, in ammonia. According to the x-ray data it contained 50 per 
cent PuOg, 35 per cent PuN, and 15 per cent PuOCl. 

The x-ray diffraction pattern of plutonium nitride, without the su- 
perposition of patterns due to other phases, was obtained in October 
1944 with a preparation that Westrum made by firing plutonium metal 
in a hydrogen -ammonia mixture at 600” C. 


tContrlbution from the Phyalcs Division of the Metallurgical Laboratory, University 
of Chicago, now the Argonne National Laboratory. 
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2. CRYSTAL STRUCTURE OF PLUTONIUM CARBIDE AltD PLUTONIUM 

NITRIDE 

X-ray diffraction examination of a sample of plutonium carbide 
showed that it contained 30 per cent PuO, 45 per cent of a phase iden- 
tified as PuC, and 25 per cent of a third phase.’ The third phase is 
cubic body-centered with lattice constant a = 8.11 i 0.01 A, and could 
conceivably be Pu^,wlth eight molecules per unit cell. 

The observed values of sine squares and intensities for the x-ray 
diffraction lines of plutonium nitride and plutonium carbide are given 


Table 1 — X-ray Diffraction Data for Plutonium Nitride and Plutonium Carbide (CuKot) 



PuN 

PuC 

I (obs.) 

sin* 9 

I (obs.) 

sin’ B 

1 (calc.) 

111 

M 

0.0749 

S 

0.0746 

4.6 

200 

W+ 

0.0098 

M 

0.0097 

3.8 

220 

M 

0.1994 

S- 

0.1985 

6.2 

311 

M 

0.273B 

S 

0.2719 

9.0 

222 

W 

0.2980 

w+ 

0.2963 

3.3 

400 

vw 

0.3976 

vw 

0.3059 

2.3 

331 

M- 

0.4704 

w 

0.4688 

7.0 

420 

M 

0.405 

w 

0.4935 

7.0 

422 

M 

0.5935 

w+ 

0.5015 

7.0 

511, 333 

M 

0.6671 

M 

0.6656 

7,7 

440 

W- 

0.7002 

w 

0.7BB2 

3.0 

531a, 

s 

0.8638 

s 

0.6581 

10.6 

eOOa,, 442a, 

M 

0.8882 

s 

0.6629 

7.1 

620a, 

S 

0.9866 

M 

0.9B04 

5.4 


in Table 1. The observations correspond to a cubic face -centered 
structure of the rock-salt type. The lattice constants and the calcu- 
lated densities are 

PuN: a = 4.895 ± 0.001 A p= 14.23 

PuC: a == 4.910 ± 0.005 A p = 13.99 

The last column of Table 1 gives the calculated values |F ’ p for 
plutonium carbide, where F is the structure factor, and p the permu- 
tation factor. 

It is shown in another paper of this volume that PuO has the sodium 
chloride type of structure with lattice constant a - 4.948 i 0.002 A. 
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The three compounds PuO, PuN, and PuC are typical examples of 
“Interstitial compounds.” The interstitial compounds of plutonium 
and neptunium are briefly discussed in the chapter on the crystal 
chemistry of plutonium and neptunitim, National Nuclear Energy Se- 
ries, Division IV, Volume 14 A. 

3. SUMMARY 

Plutonium nitride and plutonliun carbide have the sodium chloride 
type of structure. The lattice constants and calculated densities are 

PuN: a = 4.895 ± 0.001 A, p= 14.23 ±0.01 

PuC: a = 4.910 ± 0.005 A, p= 13.99 ±0.05 

This paper describes the determination of the crystal structure of 
plutonium nitride and plutonium carbide. The work was carried out 
using plutonium preparations of unknown composition. Therefore the 
presence of the compounds PuN and PuC In the preparations was de- 
duced from the x-ray diffraction examination. 
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THE CRYSTAL STRUCTURE OF PuSijt 
By W. H. Zachariasen 


Westrum^ submitted for x-ray diffraction study a sample that he 
had prepared in an attempt to reduce PuFa with CaSij. 

A satisfactory x-ray diffraction pattern was obtained using CuK 
radiation filtered through nickel foil. Table 1 shows the observed 
intensities and sine squares. 

The observations correspond to a single phase, which is tetragonal 
body -centered with lattice dimensions 

ai = 3.97 ± 0.01 A and a, = 13.55 ± 0.05 A 

It is seen from Table 1 that there are many absent reflections in 
addition to those required by a bo^ -centered translation lattice. 
These additional absences are: H1H2H3 absent if (a) Hi and Hj are 
both even and H, = 4n -t- 2, (b) Hj and Hj are both odd and Ha = 4n. 

The absences lead to the space group l4/amd (Di*) or to one of 
its subgroups. 

In order to explain the main features of the intensity distribution, 
it becomes necessary to place four plutonium atoms in the unit cell 
and at positions (0 0 0) (i y ?) (0 j 7) (? 0 |). 

Certain details in the intensity distributions remain unaccounted 
for, and it is therefore evident that the phase must contain lighter 
atoms as well as plutonium. Assuming the phase to be a slllcide and 
making use of volume considerations (based on results for known 
suicides), it is found that PuSi, is the only formula compatible with 


tContrlbutlon from the Physics Division of the Metallurgical Laboratory, University 
of Chicago, now the Argonne National Laboratory. 

Based on work reported In Metallurgical Project Reports CN-1957 (July 29, 1944) 
and CN-2275 (Oct. 25, 1944). 


1451 



14S2 THE TRANSURANIUM ELEMENTS 

the observed unit cell volume.’ The Identification of the phase as 
PuSl, became certain when Isomorphism with ThSlg (see reference 3) 
and USl, (see reference 4) was established. 

The elghtslllcon atoms per unitcell are at position: (0 0 0) (i i i)+ 

(0 0 u) (0 0 u) (0, I + u) (0, i, i-u) 

and agreement with the observed Intensities Is obtained for u = 0.417. 


Table 1 — X-ray Diffraction Data for PuSi^ (CuKop) 


siT?9 

H1H3H, 

I (obs.) 

iFl^p 

0.0415 

101 

S 

16.4 

0.0518 

004 

w 

10.1 

0.0671 

103 

M 

25.6 

0.0892 

112 

S 

61.8 

0.1192 
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WM 

33.2 

0.1528 

200 

W+ 

32.4 

0.1929 

211 4 116 

M 

24.2 22.6 

0.1945 

107 

W 

27.6 

0.2043 

204 ♦ 008 

w 

29.8 + 7.4 

0.2187 

213 


37.0 

0.2708 

215 

M- 

50.0 

0.3022 

220 4 ^ 109 

w- 

24.3 4 ^ 15.9 

0.3462 

217 


42.5 


301 

Nil 

10.0 

0.3557 

224 ^ 208 

W+ 

23.4 4 23.4 

0.3699 

303 

VW 

14.4 

0.3913 

312 

w+ 

34.8 

0.3983 

1.1.10 

w- 

34.8 

0.4211 

305 

vw 


0.4289 

1.0.11 

VW 


0.4507 

219 

w 


0.4946 

321 316 + 307 

M 



The last coluDui of Table 1 gives the calculated values of |F|’p where 
F Is the structure factor and p the multiplicity factor. 

The calculated density for PuSi, Is p = 9.12. 

Each plutonium atom is bonded to twelve silicon atoms with Pu-Sl » 
3.01 A, and each silicon atom is bonded to six plutonium atoms and 
three other silicon atoms with SI -SI = 2.27 A. The Si -SI distance 
metallic silicon is, for comparison, 2.34 A. 

Summary . PuSl, Is tetragonal. The \mlt cell contains four mole- 
cules and has dimensions aj = 3.97 ± 0.01 A and a, = 13.55 ± 0.05 A. 
The calculated density Is p = 9.12. 
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The space group Is I4/aind and the atomic positions are: (0 0 0) 


4Pu In (0 0 0) (0 U) 

8Si in (0 0 u) (0 0 u) (0, (0, i, i -u) 

The parameter value is u = 0.417. 

Each plutonium atom is bonded to twelve silicon atoms, and each 
silicon atom is bonded to six plutonium atoms and three silicon atoms. 
The interatomic distances are Pu-Si = 3.01 A and Si-Si = 2.27 A. 
The compounds ThSij, U5i2, and CeSij are isomorphous, 
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Paper 20.4 


CRYSTAL STRUCTURE STUDIES OF SULFIDES OF 
PLUTONIUM AND NEPTUNIUMt 

By W. H. Zachariasen 


1. PuS 

Westrum^ carried out a calcium reduction of PuF, in a barium sul- 
fide crucible. On the basis of a microscopic examination Dr. Westrum 
suspected that a plutonium sulfide had been formed by reaction with 
the crucible, and he submitted the sample for x-ray diffraction exam- 
ination. 

The diffraction pattern showed that 85 per cent of the sample con- 
sisted of a cubic face-centered phase with the sodium chloride type of 
structure and with a lattice constant’s = 5.525±0.001 A. It was sug- 
gested that the phase was PuS, although the possibility of its being 
barium oxide could not be excluded by the x-ray data alone. 

The formula PuS was checked as follows; Dr. Westrum Ignited the 
sample, and an x-ray diffraction pattern of the ignition product was 
taken. The diffraction pattern showed the bulk of the sample to be 
PuO,. 

Table 1 shows the observed Intensities and sine squares as obtained 
from the diffraction pattern. The intensities clearly show that the 
structure type is that of sodium chloride. The calculated density is 

p = io.eo. 

The compounds ThS, US, and CeS are isomorphous. The lattice 
constants are shown in Table 2. 


tContrlbutlon from the Physics Dlvlston of the Metallurgical Laboratory, University 
of Chicago, now the Argonne National Laboratory. 
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Table 1 — X>ray Diffraction Data for PuS (CuKa) 


I (obs.) 

sln*^ 

Hf + Hj 


0.0603 

3 


0.0797 

4 

S 

0.1581 

8 

S 

0.2167 

11 

w 

0.2361 

12 

W- 

0.3140 

16 

WM 

0.3716 

19 

M+ 

0.3900 

20 

M 

0.4676 

24 

M- 

0.5262 

27a 

W 

0.6216 

32a 

s 

0.6797 

35a 

s 

0.6094 

30a 

a 

0.7760 

40a 

WM 

0.8335 

43a 

S 

0.8525 

44a 

w 

0.9291 

48a 

s 

0.9871 

51a, 


h; 


Table 2 — Lattice Constants for Compound XS 


XS 

a 

f A 

Th8 

5.671 

± 0.002 

US 

5.473 

0.002 

PuS 

5.525 

1 0.001 

CeS 

5.766 

t 0.002 


2. Puj-.S^ 

Dr. N. R. Davidson Investigated the reaction of hydrogen sulfide gas 
on PuO^ at high temperatures and submitted his preparations for 
x-ray diffraction examination. 

One of Dr. Davidson’s preparations gave a diffraction pattern cor- 
responding to a single phase that was found^ to be cubic body-centered 
with a = 8.4373 ± 0.0005 A. 

The x-ray diffraction data are given in Table 3. 

It was further found that the observed intensities proved the phase 
to be laomorphous with the cerium sulfide Ce,.,S^, the detailed struc- 
ture of which had been determined.^ It could thus be stated that Dr. 
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Davidson’s plutonium sulfide preparation was Pus.,S^. For cerium 
sulfide the composition varies from Ce,S, (x ^ 0.33) to Ce,S^. The ex- 
act composition of the plutonium sulfide could not be determined from 
the x-ray diffraction data, l.e., If It was or intermediate 

between these extremes. 


Table 3 — X-ray Diffraction Data for Pug-^S^ (CuKa) 



Pu, 



C€,S, 

H? + H* + H® 

sln“fl 

I (obs.) 

1 (obs.) 

1 (calc.) 

2 


Nil 

Nil 

0 

4 


Nil 

Nil 

0 

6 

0.0510 

M 

M 

80 

8 


Nil 

Trace 

7.8 

10 

0.0843 

M 

S 

81 

12 


Nil 

Nil 

0 

14 

0.1178 

W+ 


45 

16 


Nil 

m 

0.5 

18 


Nil 

Nil 

0 

20 

0.1676 

W+ 

M 

26 

22 

0.1647 

w 


16 

24 

0.2012 

Trace 

VW 

6.1 

26 

0.2182 

M 

M 

19 

30 

0.2509 

VW- 

VW 

7.3 

32 


Nil 

Trace 

1.0 

34 


Nil 

Nil 

0.5 

36 


Nil 

Nil 

0 

38 

0.3181 

S- 

S 

24 

40 

0.3336 

vw- 

VW+ 

4.6 

42 

0.3513 

w- 

W+ 

11 

44 


Nil 

Nil 

0 

46 

0.3838 

Trace 

VW 

4.1 

48 

0.4010 

VW 

VW+ 

5.6 

so 


Nil 

Trace 

0.7 

52 

0.4337 

VW+ 

W- 

6.0 

54 

0.4502 


S 

18 

56 

0.4667 

ww 

VW- 

4.0 

58 

0.4653 

Trace 

Trace 

1.3 

62 

0.5168 

WW 

VW- 

3.4 

64 


Nil 

WW 

1.9 


The structure type of Ce,S 4 will be discussed In detail in another 
paper; accordingly, the structure of Pu, . ,84 Is only briefly described 
here. 

The space group is I43d (T^). In the unit cell there are four mole- 
cules Pus.cS 4 . Thus the calculated density must lie in the range 8.41 
Hot composition Pu^S,) to 8.28 (for composition Pu,S 4 ). 
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The atomic positions are as follows: (0 0 0) (j i ;) + 10.67 - 12 Pu 
atoms in ({ « 0) 0 ; (f * 0) t) ; 16 S atoms in (x x x); (i + x, i “ x, x) t) ; 
({ + x, j + X, i + x); (t + X, I - x, I - x) D . Thus, some of the metal 
sites may be vacant, and the phase has a wide homogeneity range. 

The intensity considerations show the parameter x for the sulfur 
positions to be X = 0.083. 

Table 3 gives the Intensities observed for CejS, and PUj.^S^ and 
calculated for CejS^ with the aid of the formula 


I (calc.) 


«|F|*p 


1 + cos* 2fl 
sin* B cos B 


where F is the structure factor and p the multiplicity factor. 

In the structure each plutonium atom is bonded to six sulfur atoms 
with Pu-S = 2.92 A. 

CegSj-CCgS^ and La 2 S 3 are isomorphous compounds. 


3. PujOjS 

Davidson’ submitted another sample resulting from his studies of 
the reaction of hydrogen sulfide gas on PuOj. 

The x-ray diffraction pattern showed Davidson’s sample to contain 
PuOj to the extent of 30 per cent, the remainder of the sample being a 
hexagonal phase with lattice dimensions 

aj = 3.919 ± 0.003 A ag = 6.755 ± 0.010 A 

This phase was observed to be isomorphous with CCjO^S, the crystal 
structure of which had been previously examined,’ and hence it could 
be concluded that the plutonium compound^ was PUjOjS. 

There is one molecule of PUjOjS per unit cell, giving a calculated 
density of p = 9.95. 

The x-ray diffraction observations are given in Table 4. 

The atomic positions are 

2 Pu in + d I u,) with Ui = 0.22 
2 O in ± (t t Uj) with u^ = -0.125 
1 S in (0 0 i) 

The values I F|’p calculated with this structure are shown in the 
last column of Table 4. 

Each plutonium atom is bonded to three sulfur atoms with Pu-S = 
2.94 A, to three oxygen atoms with Pu-0 = 2.35 A, and to a fourth 
oxygen atom with Pu-0 = 2.33 A, 



1458 


THE TRANSURANIUM ELEMENTS 


The CegO^S and PUgO^S structure type can be regarded as obtained 
from the structure type of the A modification of rare-earth sesqui- 
oxldes by substituting sulfur atoms for one -third of the oxygen atoms. 


Table 4 — X-ray Diffraction Data for Pu^,S (CuKo) 



sin^ ^ 

I (obs.) 

!F!*P 

001 


Nil 

0.2 

lOOg 002 

0.0526 

WM 

5.0 4- 6.7 

101 

0.0653 

S 

35.5 

102 

0.1046 

S 

15.6 

003 


Nil 

2.8 

no 

0.1562 

M 

26.5 

111, 103 

0.1705 

M 

0.9 4^ 25.9 

200, 112, 004 

0.2077 

M 

4.1 4^ 29.2 + 3.8 

201 

0.2204 

WM 

26.2 

202, 104 

0.2596 

W 

11.9 + 13.5 

113 

0.2729 

vw 

11.8 

005, 203 

0.3249 

w 

2.1 19.0 

210, 114 

0.3634 

w- 

6.1 ^ 18.4 

211, 105 

0.3745 

M 

40.0 4 15.3 

212, 204 

0.4134 

M 


300 

0.4639 

W- 


301, 203 

0.47B2 

M 



4. NpOS 

Fried and Davidson” made a neptunium preparation by reacting NpO^ 
with hydrogen sulfide and carbon disulfide. 

The x-ray diffraction pattern showed the sample to contain a single 
phase. This phase was found to be tetragonal and to have the PbFCl 
type of structure with lattice dimensions 0.5 per cent smaller than 
for the isomorphous compound” UOS. Thus the neptunium preparation 
could be identified as NpOS, and the detailed crystal structure was 
obtained.'” 

The lattice dimensions and calculated density of NpOS are 
ai = 3,817 ± 0.002 A a, = 6.641 ± 0.010 A p = 9.71 

The x-ray diffraction data are shown in Table 5. 

The space group is P4/nmm and the atomic positions are 

2 Np in (r 0 u^) (0 i u,) 

2 O in (0 0 0) (n 0) 

2 S in (i 0 Ug) (0 i u,) 
with u, = 0.200 ± 0.006 and Ug = 0.638. 
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Table 5 — X-ray Diffraction Data for NpOS (CuKa) 


: (obs.) 

slii* 9 


s 

0.0543 

101, 002 

M- 

0.0818 

no 

M- 

0.0051 

102 

M- 

0.1360 

112 

M- 

0.1630 

200, 103 

W- 

0.2037 

113 


0.2177 

211, 202 

M- 

0.2573 

212, 104 

VW 

0.2835 

203 

w+ 

0.3254 

220, 213 

w 

0.3804 

301, 222 

w 

0.4070 

310 

M 

0.4190 

302, 214, 115 

w- 

0.4615 

312 

vw- 

0.4874 

303 

VW+ 

0.4991 

205 

w- 

0.5274 

313, 106 

w- 

0.5424 

321, 215 

w 

0.5820 

322, 304 

vw 

0.6499 

400, 323 

vw 

0.6610 

225 

vw 

0.6860 

216 


Table 6 — Calculated and Observed Intensities for NpOS 



iF|2p 

I (obs. 

101, 002 

35 f 7.7 

S 

no 

28 

M- 

111 

1.1 

Nil 

102 

24 

M- 

003 

4.0 

Nll 

112 

35 

M- 

200, 103 

29 ^ 16.2 

M- 

201 

3.4 

Nil 

113 

20 

W- 

211, 202 

49 ^ 22 

M- 

004 

0.6 

Nil 

212, 104 

35 -h 34 

M- 

203 

12.4 

VW 

114 

0.6 

Nil 

220, 213 

21 + 24 

W+ 

221, 005 

2.2 + 8.0 

Nil 

204 

1.6 

Nil 

301, 222 

20-1- 18.0 

W 

105 

0.5 

Nil 

310 

32 

W 
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Table 6 shows the comparison between observed intensities and 
calculated values |F|‘p. 

In the structure each neptunium atom is bonded to four oxygen 
atoms at Np-0 = 2.32 A and to five sulfur atoms at Np-S = 2,91 A, 
The lattice dimensions of the isomorphous compounds ThOS, UOS, 
and NpOS are shown below. 


ai, A 

ThOS 3.955 ± 0,002 

UO 3.835 ±0,001 

NpOS 3.817 ± 0.002 

5. NpA 

Fried and Davidson^^ made another neptunium sulfide preparation. 
This sample gave an x-ray diffraction pattern too poor to permit ac- 
curate measurements. It showed, however, that the substance was 
isomorphous with ThjS, (reference 12) and UjS, (reference 13), and 
hence the preparation was identified*^ as Np^Sg. 

The compounds Th^Sg, U^Sj, and Np^Sj are orthorhombic with four 
molecules per unit cell. The lattice dimensions and the calculated 
densities are 


6.733 ± 0.004 
6.681 ± 0.001 
6,641 ± 0.010 



ai, A 

ajj, A 

as, A 

P 

Th2S3 

10.83 ± 0.05 

10.97 ± 0.05 

3.95 ± 0.03 

7.87 

U2S5 

10.6 ± 0.02 

10.39 ± 0.02 

3.88 ± 0.01 

8.78 

Np,S3 

10.6 ± 0.1 

10.3 ± 0.1 

3.85 ± 0.05 

8.9 


The space group is Pnam. The complete structure of ThjS, and 
U2S3 will be discussed elsewhere. The structure type is essentially 
that of BijS, and Sb^S,. 


6. DISCUSSION 

A complete study of the systems Pu-O-S and Np-O-S has not been 
made. The scattered observations described in the preceding sections 
and the compilation given below show, however, that plutonium be- 
haves like cerium, but neptunium behaves like uranium. 

In the sulfide series plutonium is considerably smaller than cerium, 
but there is very little difference in size among tetraposltive or tri- 
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positive oxygen and fluorine compounds. It must accordingly be con- 
cluded that the chemical bonds in the sulfides, to a considerable ex- 
tent, have metallic character. 


Isomorphous Sulfides 


PuS 

P'^S3 

Pll2^2^ 

NpOS 

NP2S3 


ThS, US, CeS 
06283, Lj 3 . 2 S 3 
C62O2S 
ThOS, UOS 

Th2S3, U2S3 


7. SUMMARY 

The determination of the chemical identity and crystal structure of 
several sulfides and oxysulfides of plutonium and neptunium has been 
discussed. The discussion includes PuS, Pug.^S^, PUgOgS, NpOS, and 
NP2S3. Lattice dimensions and atomic positions are given. 

This paper gives a brief account of crystal structure investigations 
that have been carried out on the sulfides of plutonium and neptunium; 
PuS, PU2S3-PU3S4, PUgOjS, NpgSg, and NpOS. 
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Paper 20.5 


X-RAY DIFFRACTION STUDIES OF FLUORIDES 
OF PLUTONIUM AND NEPTUNIUM; 
CHEMICAL IDENTITY AND CRYSTAL STRUCTURE! 

By W, H. Zachariasen 


1. INTRODUCTION 

This paper describes a series of x-ray diffraction studies on fluo- 
rides of plutonium and of neptunium. The list of compounds to be dis- 
cussed includes PuF,, NpF,, PuOF, NaPuF4,PuF4, NPF4, PuF4*2.5H20, 
NaPuFj, KPuFj, RbPuFj, KPujF,, KNpjFg, and NpFg. None of these 
compounds had been chemically identified when its x-ray diffraction 
pattern was obtained; consequently the determination of the chemical 
identity of the various compounds became an important part of the 
investigations. 

The first part of this paper gives the origin of the preparations that 
were examined and describes how the various compounds were iden- 
tified. The crystal structure results are presented in the second part. 

2. IDENTIFICATION OF THE COMPOUNDS 

It would be entirely misleading to give the impression that the 
chemical identity of the various fluorides was determined from the 
x-ray diffraction patterns with no information from other sources. 
In the first place, it was known that the submitted samples were plu- 
tonium or neptunium preparations, respectively. Second, there was 
information as to how the samples had been prepared. Thus the pres- 
ence of fluorides in the samples was either to be expected or to be 
suspected. 


tContrltnition from the Physics Division of the MetallurgicBl Laboratory, University 
of Chicago, now the Argonne National Laboratory. 
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In some instances (PuF, or PuOF) the x-ray diffraction study did 
not lead to a unique determination of the chemical formula of the fluo- 
ride; it was possible to state only that the formula was one or the 
other of two alternatives. 

2.1 NaPuF 4 . In November 1943 a sample, hoped to be plutonium 
metal in powder form, was submitted for x-ray diffraction study. At 
the time it was of importance to know the density of plutonium metal, 
and Dr. K. T. Bainbridge had suggested that an attempt ought to be 
made to determine the density by means of the crystal structure 
method. Baumbach^ had prepared the sample by sodium -vapor re- 
duction of plutonium fluoride. 

The x-ray diffraction pattern could be interpreted as due to a single 
phase, which was hexagonal with lattice dimensions Uj = 6.12 ± 0,02 A 
and a, = 3.75 1 0.01 A.^ The crystal structure results showed that the 
phase could not possibly be plutonium metal. On the assumption that 
the phase contained only the elements plutonium, fluorine, and oxygen, 
it was shown that the chemical formula would have to be either PuOFj 
or PuFg.^ Both of these suggested formulas had to be rejected later, 
and the identity of the phase was to remain unknown for a great many 
months. 

In the course of extensive studies of the fluoride system the author 
prepared a compound of lanthanum, first thought* possibly to be 
NaLa^OF, but later shown® to be NaLaF 4 . 

This lanthanum compound is hexagonal with aj^ = 6.167 A and a, = 
3.819 A, and the x-ray diffraction pattern as regards intensity dis- 
tribution was so nearly identical with that of the plutonium phase 
referred to above that there could be no doubt about the isomorphism 
of the two compounds.® Thus the unknown plutonium phase was at last 
identified as NaPuF 4 . 

2.2 PuFg. In December 1943 Florin and Heath'' prepared a sample 
of plutonium fluoride and submitted it for x-ray study. At the time, 
the plutonium fluoride preparations were believed to be PUF 4 ; but 
great color variations from one preparation to the next had been 
noted. This particular sample was black. 

The x-ray diffraction pattern corresponded to a single hexagonal 
phase with a^ = 4.085 A and a, = 7.236 A and two metal atoms per unit 
cell.® It was shown that the assumed formula PUF 4 could not be cor- 
rect. The unit cell has a volume of 105 A®, and each fluorine or oxy- 
gen atom requires a space of about 19 A®. Hence it could be stated® 
that the phase was either PuF, or PuOFg. A direct chemical analysis® 
gave a ratio of F to Pu varying from 2.8/1 to 3.7/1 and thus decided 
in favor of the first of the alternative formulas deduced from crystal 
structure considerations. 
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2.3 PuF^ . PuOg had been shown^ to be isomorphous with ThO^, 
UO2, and ZrOj and to have lattice dimensions intermediate between 
UO^ and ZrO,. It had also been shown^** thatThF4, UF4, and ZrF4 were 
isomorphous. Accordingly, it was to be expected that PUF4 would also 
be isomorphous. 

In January 1944 Florin and Heath'' prepared a light -brown plutonium 
fluoride. The x-ray diffraction pattern of this sample showed iso- 
morphism with UF4, and it could thus be stated^’ that the sample 
contained PUF4. 

2.4 PuOF . In January 1944 Karle'^ attempted an atomic hydrogen 
reduction of plutonium fluoride and submitted the resulting sample 
for x-ray diffraction study. 

The diffraction pattern showed the sample to be a mixture of PuFg 
and a second phase that was cubic face -centered^’ with a = 5.70 ± 
D.Ol A. 

The author first suggested that this phase might be PuFj.j and later 
showed** that the formula would have to be either PuOF or PuFj.j. A 
subsequent direct fluorine analysis*^ furnished evidence in favor of 
the formula PuOF. 

2.5 PuF 4'2.5H20. Meyer** prepared a sample that he believed to 
be PuF4*a!HjO. 

The x-ray diffraction study** proved the exact formula of the sub- 
stance to be PuF 4<2.5H20 as shown by isomorphism with UF4'2.5H20. 

2.6 KPuFj, NaPuFg, RbPuF,. Smith*'' prepared a sample that he 
suggested might be KjPuFg’xHgO. 

The author** erroneously attributed a series of weak lines in the 
x-ray diffraction pattern to impurities, and hence arrived at the in- 
correct formula KgPuF,. 

Later Anderson** prepared the Isomorphous sodium and rubidium 
compounds, and these were accordingly assigned the incorrect for- 
mulas NagPuFg and RbjPuF,. 

Subsequently the author prepared the isomorphous compounds of 
thorium and uranium and showed them to be KThF^ and KUF,; hence, 
the earlier formula for the plutonium compounds was corrected** to 
RPuF,. 

The composition RPuFg was later confirmed by Anderson** by di- 
rect analysis. 

2.7 KNpgF, and KPU2F2. LaChapelle and Magnusson** submitted 
for x-ray study two fluoride samples that they had isolated from 
neptunium solutions, one from a pentaposltive and the other from a 
tetrapositlve solution. 

The latter sample had reacted with the glass of the x-ray capillary 
and contained K^SIF, as the major phase. The minor phase (or phases) 
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was the same phase (or phases) that made up all the sample isolated 
from the pentapositive solution The author” next succeeded in pre- 
paring the analogous and isomorphous fluorides using thorium or 
tetrapositlve uranium as stand-ins for neptunium and suggested the 
tentative formula KNP 2 F,. The correctness of the formula KXjF, for 
the isomorphous compounds was later proved beyond reasonable 
doubt.*® 

The compound KPugFg was first prepared by Anderson*” and de- 
scribed as “H^-Pu+^-fluoride.” It was identified as KPujF, from the 
x-ray diffraction pattern” by its isomorphism with KNpjF,. 

2.8 NpF, and NpF^. The compounds NpF, and NpF^ were first 
prepared by Fried, Florin, and Davidson.*” Only about 25 ug was in- 
volved in these preparations, and the chemical identity of these fluo- 
rides was therefore determined from x-ray diffraction studies. 

The first neptunium fluoride sample submitted by Fried, Florin, 
and Davidson was found to be hexagonal with a^ = 4.108 A and a 3 = 
7.273 A. These lattice dimensions are intermediate between those 
of UF 3 and PuFj. Furthermore, the relative intensities of the various 
lines in the diffraction pattern of the neptunium compound were the 
same as those observed for UFj and PuF,. Hence, the neptunium 
fluoride was identified as NpFj, and the hitherto unknown tripositive 
state of neptunium was definitely established.*”' *'* 

The second neptunium fluoride preparation of Fried, Florin, and 
Davidson gave an x-ray diffraction pattern that proved isomorphism 
with UF 4 and PUF 4 , and the lattice dimensions of the neptunium com- 
pound were found to be intermediate between those of UF 4 and those 
of PUF 4 . On the basis of these observations and the knowledge that 
the substance was a neptunium compound, it could be stated*”’*” that 
the phase was NPF 4 . 

2.9 NpFg . The hexafluoride of neptunium was prepared by Florin. 
Florin*” was fairly certain that his preparation was NpF,. 

The x-ray diffraction pattern showed the sample to contain a sin- 
gle phase, which was orthorhombic with a^ = 9.91 ± 0.02 A, a, = 8.97 ± 
0.02 A, and a, = 5.21 ± 0.02 A. The x-ray diffraction pattern was 
indistinguishable”” from that of UF,. Assuming that there was no ura- 
nium in the sample, the compound would have to be NpF,. 

3. THE CRYSTAL STRUCTURES OF FLUORIDES OF PLUTONIUM 
AND NEPTUNIUM 

In this part of the present paper the crystal structures of the in- 
dividual fluorides of plutonium and neptunium are discussed briefly. 
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3.1 PuFj and NpFj . Table 1 gives the observed Intensities and 
sine squares as obtained from x-ray diffraction patterns of PuF, (see 
references 8 and 27) and NpF, (see references 25 to 27) . 


Table 1 — X-ray Diffraction Data for PuF, and NpF, (CuKa) 


PuFa 


NpF, 



1 (obs.) 

sln“0 

I (obs.) 

sin* 8 

H^HaHa 

M 

0.0454 

WM 

0.0450 

002 

W 

0.0470 

W 

0.0474 

100 

s 

0.0586 

s 

0.0585 

101 

w- 

0.0025 

w- 

0.0922 

102 

M 

0.1420 

M 

0.1409 

no 

M4. 

0.1494 


0.1481 

103 

WW 

0.1818 

WW 

0.1792 

004 

M 

0.1880 

M 

0.1859 

112,200 

W+ 

0.2013 

W+ 

0.1991 

201 

vw- 

0.2200 

WW 

0.2267 

104 

vw- 

0.2350 

WW 

0,2318 

202 

w+ 

0.2914 

w 

0.2885 

203 

w+ 

0.3236 

w 

0.3202 

114 

w 

0.3313 

w 

0.3278 

105, 210 

M- 

0.3433 

w-f 

0.3399 

211 

Trace 

0.3714 



204 

WW 

0.3767 

WW 

0.3723 

212 

WW 

0.4075 



006 

VW- 

0.4271 



300 

W+ 

0.4342 

w 

0.4259 

213 

vw- 

0.4540 

vw 

0.4500 

106 

w+ 

0.4731 

w 

0.4660 

302, 205 


The diffraction patterns show that PuF, and NpF, have the tysonite 
type structure.*^ The compounds LaF„CeF 3 ,PrF,,NdF„SmF 3 , UF,,** 
ThOF, ” BaThF,/ PbThF, ” SrThF,/ CaThF, “ BaUF„* PbUF,/ 
and SrUF, * are isomorphous. 

In Table 1 the diffraction patterns are indexed in accordance with 
a hexagonal cell containing two molecules of XF,. This is probably a 
pseudocell.’* 

Referred to this cell the lattice dimensions of PuF, and NpF, become 

a„ A a,, A P 

PuF 4.087 ± 0.001 7.240 ± 0.001 9.32 

NpF 4.108 ± 0.001 7.273 + 0.004 9.12 
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and the atomic positions are 


2X in ± (ill) 

2F in ± (0 Oi) 

4F in + (y I u)(5, 1, i-u) with u = -0.075 
The interatomic distances are 



Pu, A 

Np, A 

3F at 

2.36 

2.37 

2F at 

2.35 

2.36 

6F at 

2.68 

2.69 

Mean 

2.53 

2.54 


LaF, andPuFj have been shown to form an unbroken series of solid 
solutions. 

The lattice dimensions of isomorphous trifluorides are given in the 
chapter on the crystal chemistry of plutonium and neptunium in Na- 
tional Nuclear Energy Series, Division IV, Volume 14 A. 

3.2 PuOF.“ The x-ray diffraction observations for PuOF are 
shown in Table 2. 

PuOF has the fluorite type of structure with a = 5.70 ± 0.01 A. The 
calculated density is p = 9.76. 

The lattice constant^^ of the isomorphous LaOF is, for comparison, 
a = 5.76 A. 

3.3 NaPuF4.”'^‘ Table 3 gives some of the x-ray diffraction data 
for NaPuF^ 

The hexagonal unit cell, which contains 1.5 molecules, has dimen- 
sions a^ = 6.12 ± 0.02 A and aj = 3.75 ± 0.01 A corresponding to a den- 
sity of p = 6.87. 

The lattice dimensions” of the isomorphous compound NaLaF4 are, 
for comparison, a^ = 6.167 ± 0.001 A and a, = 3.819 ± 0.002 A. 

3.4 PUF4 and NPF4 . PUF4 (see reference 38) and NPF4 (see ref- 
erence '2Srare~mori^linic with twelve molecules per unit cell. The 
lattice dimensions and calculated densities are 

aj, A aa, A ai aj, A P 

PUF4 12.59 ± 0.06 10.55 ± 0.05 126"10' ± 40' 8.26 ± 0.05 7.0 

NPF4 12.67 ± 0.06 10.62 ± 0.05 126"10' ± 40' 8.31 ± 0.05 6.8 
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Table 2 — X-ray Diffraction Data for PuOF (CuKa) 


(obs.) 

sin*0 

S 

0.0553 

W 

0e0741 

Mt 

0.1476 

Mt 

0.2029 

VW 

0.2206 

vwt 

0.2942 

w+t 

0.3463 

VW 

0.3664 

wt 

0.4379 

VW 

0.4946 

ww 

0.5B08 

VW+ 

0.6390 

ww 

0.6575 

vvw 

0.7298 


(H; + h; + (xV4a*) 

a X 0.01843 
4 X 0.01B53 
8 X 0.01845 

11 X 0.01845 

12 X 0.01838 
16 X 0.01839 

19 X 0.01823 

20 X 0.01832 
24 X 0.01825 
27 X 0.01832 
32 X 0.01815 

35 X 0.01826 

36 X 0.01827 
40 X 0.01825 


tColncidence with diffraction lines of PuF,. 


Table 3 — X-ray Diffraction Data lor NaPuF, (CuKa) 


1 (obs.) 

sin*fl 


S 

0.0636 

110, 101 

M 

0.1266 

201 

W 

0.1478 

210 

W- 

0.1682 

002 

M 

0.1889 

300, 211, 102 

W 

0.2311 

301, 112 

w- 

0.2514 

202, 220 

Trace 

0.2727 

310 

W+ 

0.3145 

311, 212 

VW 

0.3360 

400 

W- 

0.3582 

302 

VW 

0.4009 

320, 103 

WW 

0.4183 

222 

W+ 

0.4413 

410, 321, 312 

WW 

0.4646 

203 


The space group is C2/c. The positions of the metal atoms are 

(0 0 0) (ii0) + 


4X in±(0u:) 

8 X in ± (x y z) (x, y, J - z) 

■with u = 0.20, X = 0.21, y = 0,44, and z ®-0.17. 

The fluorine positions are not known. 

Isomorphous compounds are ZrF^, HfF«, CeF^, ThF 4 , and UF 4 . 
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3.5 PuF^^-Z.SHgO.’* The compcMind PuFf-Z.SHjO is orthorhombic 
with eight molecules per unit cell. 

The lattice dimensions and calculated density are 

SLi = 12,63 + 0.05 A, a, = 11.01 + 0.05 A, Ua = 6.98 ±0.05 A, p = 4.89 

The space group is Pnam. The eight plutonium atoms per unit cell 
fall into two sets of four having positions + (x y |) (x + i, ^ - y, i) with 
parameter values 

X y 

Pu(D 0.055 0.014 

Pu(Il) -0.250 -0.139 

The fluorine and oxygen positions are not known. 

The compound UF4-2.5H20 is isomorphous. 

3.6 NaPuFg, KPuFj,*® RbPuFj. The compounds RPuF, are rhom- 
bohedral with six molecules per unit cell. The lattice dimensions and 
calculated densities are 



a, A 

a 

P 

NaPuFj 

8.93 ± 0.03 

107“28'± 10' 

6.03 

KPuF, 

9.27 + 0.03 

107'’2' + 10' 

5.66 

RbPuFs 

9.46 + 0.03 

106'56'+ 10' 

5.88 


The space group is R3(C3i). The six plutonium atoms and the six 
alkali atoms per unit cell are in positions ± (x y z) (y z x) (z x y) with 
the following parameter values: 

X 

Pu ^ 

R 


y z 


J_ * 

13 Tai 

_L _5 

13 13 


There is a pseudocubic pseudocell that contains 3.7 -metal atoms 
and 9.2 fluorine atoms whose structure closely resembles that of 
fluorite. The dimensions of this rhombohedral pseudocell are 



a, A 

a 

NaPuFg 

5.650 ± 0.005 

90" 

KPuF 

5.86 ± 0.01 

89*20' 

RbPuFg 

6.00 + 0.02 

89"10' 

Isomorphous compounds are KCeFg, KThF,, 

KUF„ and NaUF, 
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3.7 KPUgF, and KNpjF, .* The compounds KPuaF, and KNpjF, are 
orthorhombic -with four molecules per unit cell. Lattice dimensions 
and calculated densities are 

a^, A i2f A 33, A P 

KPu,Fb 8.56 ± 0.04 6.95 ± 0.04 11.33 ± 0.06 6.73 

KNpjFg 8.63 1 0.05 7.01 ± 0.05 11.43 ± 0.07 6.54 

The space group is Pnam. The eight plutonium or neptunium atoms 
per unit cell are at positions 


+ (x y z) (x, y, i-z) (x + I, i-y, z) (x + i, ^-y, i-z) 

with X = 0.17, y = 0.15, and z = 0.055. 

The fluorine positions are not known. 

Isomorphous compounds are KThjFg and KUjFg. 

3.8 NpFg. NpFgis orthorhombic with four molecules per unit cell. 
The lattice dimensions and calculated density are 

ai = 9.91 + 0.02 A, a, = 8.97 ± 0.02 A, = 5.21 + 0.02 A, P= 5.00 

The space group is Pnma. 

NpF, is isomorphous with UF,, the complete structure of which has 
been found.*" 


4. SUMMARY 

The determination of the chemical identity and of the crystal struc- 
ture of a number of plutonium and neptunium fluorides is discussed. 
The list of fluorides includes PuF,, NpFj, PuOF, NaPuFg, PuF^, NpFg, 
PuFg- 2.5HjO, NpFe, KPUjFg, KNpjjFg, NaPuFj, KPuFg, and RbPuFg. 

Lattice dimensions and partial or complete structures are given 
for all the compounds. 
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CRYSTAL STRUCTURE STUDIES OF CHLORIDES, BROMIDES, AND 
IODIDES OF PLUTONIUM AND NEPTUNIUM t 

By W. H. Zachariasen 


1. INTRODUCTION 

Crystal structure studies of chlorides, bromides, and iodides of 
plutonium and of neptunium are discussed in this paper. Complete 
crystal structures have been found for the compounds PuClg, NpClg, 
NpBra, PuBrg, Pul,, Npl,, PuOCl, PuOBr, PuOI, and NpCI|. Only 
lattice dimensions are known for the compound Cs^PuClg. X-ray 
diffraction patterns have been obtained for PuClj'HjO, PuClg'SHgO, 
PuBrj’SHgO, NpBr 4 , NpOClg, and NpOBrj, but the author has not suc- 
ceeded in analyzing these patterns. 

The crystal structure determinations were carried out with the 
aid of powder- diffraction patterns obtained with samples ranging in 
weight from a few micrograms in some instances (NpCl„ NpCl|) to a 
hundred micrograms in others. All the x-ray diffraction patterns 
were taken with CuK radiation filtered through nickel foil. Because 
of the health hazard, all plutonium and neptunium preparations were 
in sealed glass capillaries. These were of pyrex or quartz glass with 
a wall thickness of about 20 p . 

When a plutonium or neptunium preparation was submitted for 
x-ray study, the chemical identity was as a rule unknown. Indeed, 
one of the Important purposes of the x-ray diffraction examination 
was the identification of the phase or phases in the sample. Thus, of 
the compounds specifically mentioned above, all but PuBrg, CSjPuClg, 
and PuCIg-HgO were first identified by the x-ray diffraction method 
and a knowledge of how the samples had been prepared. The chemical 


tContribution from the Physics Division of the Metallurgical Laboratory, University 
of Chicago, now the Argonne National Laborafory. 
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formulas of PuBr,, CsaPuCl«, and PuCl,’HgO irere first deduced from 
direct chemical analysis. 

2. THE COMPOUNDS PuCl„ NpCl,, AND NpBr, 

2.1 Origin and Identification of the Samples , (a) PuCl ;,. The first 
successful preparation of a chloride of plutonium was carried out by 
Hagemann,^ who submitted his sample for x-ray diffraction study. 

The interpretation of the x-ray diffraction pattern showed the 
preparation to contain a single phase, which was hexagonal and iso- 
morphous with UCl,, the structure of which had previously been In- 
vestigated.” It could thus be concluded from the x-ray study that the 
plutonium chloride preparation was PuCl, (see reference 3). The 
identification was subsequently confirmed by direct analysis^ which 
gave a Cl to Pu ratio varying from 2.8 to 3.28, 

(b) Pu(Br,CD, . Hagemann* later attempted a preparation of pluto- 
nium bromide by reaction of bromine gas on plutonium metal. 

The x-ray diffraction study showed that the preparation was iso- 
morphous with UCl,. However, the observed lattice constants were 
too small for the sample to be pure PuBr,. It was accordingly sug- 
gested that the bromine gas used in the preparation contained chlorine 
as an impurity, and that consequently a trihalide estimated to be 
PuCBro.ejClQ.,), had been formed.^ The suggested explanation was 
found to be correct. However, PuBr, prepared from pure bromine 
gas and metal is not isomorphous with UCl,. 

(c) NpCl, . The first preparation of NpCl, was made by Fried and 
Davidson.* The identification of the preparation as NpCl, (with 10 to 
15 per cent NpO,) was made from the x-ray diffraction pattern, which 
showed isomorphism of NpCl, with UCl, and PuCl, (see reference 7). 

(d) NpBr, . Fried* was the first to prepare NpBr,. Again the x- 
ray diffraction study provided the identification.* 

2.2 The Crystal Structure of PuCl,,*’** Pu(Brn mCln.,),,* NpCl, ,'* 
and NpBr, .* As stated above the compounds PuCl,, NpCl,, and NpBr, 
and the solid solution Pu(Bro b,C1o, 2), all have the UCl, type of struc- 
ture. 

A detailed account of the crystal structure determination of UCl, 
and isomorphous compounds has been given elsewhere.^* 

Some of the x-ray diffraction data for PuCl,, NpCl„ Pu(Bra.„Cl,. 2 )„ 
and NpBr, are shown in Tables 1 and 2. 

The compounds are hexagonal with two molecules per unit cell. 
The lattice dimensions and calculated densities are given in Table 3 
together with those of isomorphous substances. 
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Table I — X-ray Diffraction Data lor PuCl, and NpCl, 



PuCl, 

NpCla 


UC1„ 

H.HaH. 

I (obs.) 

Sin* e 

I (obs.) 

sin’ 6 

iFl’p 

100 

M 

0.0148 

M 

0.0145 

4.1 

no 

M 

0.0437 

M 

0.0435 

8.9 

lOlq 

S 

0.0480 

S 

0.0472 

14.0 

200 

w 

0.0582 

w 

0.0583 

4.1 

111 

w 

0.0767 

vw 

0.0761 

2.5 

201 

s 

0.0918 

M 

0.0907 

27.0 

210 

w- 

0.1019 

VW 

0.1015 

5.4 

300, 002 

w 

0.1314 

W 

0.1298 

15.9 + 7.4 

211 

s 

0.1359 

M 

0.1340 

36.3 

102 

vw 

0.1478 

VW 

0.1439 

5.6 

301 

Nil 


Nil 


0 

220, 112 

WM 

0.1763 

W+ 

0.1734 

22.7 

310, 202 

W 

0.1904 

VW+ 

0.1883 

11.8 

221 

Nil 


Nil 


0.3 

311 

W+ 

0.2223 

W+ 

0.2206 

19.1 

400, 212 

w- 

0.2339 

VW+ 

0.2308 

12.2 

401, 302 

M 

0.2640 

W+ 

0.2604 

31.9 

320 

VW 

0.2758 

WW 

0.2730 

5.8 

410, 321, 222, 103 

M4, broad 

0.3080 

M, broad 

0.3058 


312 

VW+ 

0.3113 

VVW 

0.3166 


203 

W- 

0.3558 

VW 

0.3495 


500, 402 

VW 

0.3644 

WW 

0.3617 


330, 501, 213 

M+, broad 

0.3988 

W 

0.3928 


420, 322 

VVW 

0.4080 

VVW 

0.4053 


421, 412 

M 

0.4375 

W 

0.4342 



The space group Is C6j/m (Cg|,) and the atomic positions are: 


2 metal atoms in ± (i | J ) 

6 halogen atoms in ±(x y j )(y ■ x, x, |)(y, x - y,|) 
with X = 0.375 and y = 0,292 


The agreement between observed intensities and calculated values 
|F|*p(where F is the structure factor and p the multiplicity of the 
reflecting plane) is shown in Tables 1 and 2. 

Each metal atom is bonded to nine halogen atoms, three of which 
are at a slightly different distance than are the other six. The inter- 
atomic distances are 



PuCl, 

NpCl, 

NpBr, 

3 halogens at 

2.93 A 

2.94 A 

3.14 A 

6 halogens at 

2.92 A 

2.94 A 

3.08 A 
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Table 2 — X-ray Diffraction Data for Pu(Br,Cl), and NpBr, 



Pu(Br,Cl)l, 

NpBr, 

UBr, 


I (obs.) 

sin* e 

sin® e 

|F|*p 

100 

S 

0.0135 

0.0131 


110 

M 

0.0302 

0.0377 

4.2 

101 


0.0457 

0.0437 

9.2 

200 

W 

0.0524 

0.0507 

5.3 

111 

M 

0.0718 

0.0687 

13.7 

201 

S 

0.0852 

0.0810 

44.1 

210 

w 

0.0914 

0.0883 

9.4 

300 

M- 

0.1178 

0.1136 

24.0 

211 

S 

0.1239 

0.1192 

41.4 

002 

W 

0.1298 

0.1232 

14.8 

102 

W- 

0.1423 

0.1366 

6.1 

301 

Nil 



0.4 

220 

W- 

0.156B 

0.1529 

7.0 

310, 112 

M- 

0.1692 

0.1638 

16.2 

202 

VW+ 

0.1818 

0.1746 

7.9 

221 

Nil 



1.5 

311 

W 

0.2018 

0.1942 

12.1 

400 

vw 

0.2085 

0.2023 

6.4 

212 

w 

0.2203 

0.2126 

13.7 

401 

Nil 



1.6 

302, 320 

S- 

0.2474 

0.2376 

46.6 

410 

W- 

0.2732 

0.2636 

58.5 

222 

vw 

0.2860 



312 

VW+ 

0.2976 

0.2898 


500, 113 

VW+ 

0.3283 

0.3151 


203 

w 

0.3420 

0.3280 


501 

w- 

0.3573 

0.3453 



Table 3 — Lattice Dimensions and Calculated Densities for 
Isomorphous Trichlorides and Tribromides 


ICCla or XBr^ 

a,, A 

a,, A 

P 

LaClj 

7.46810.003 

4.36610.003 

3.84 

CeCl, 

7.43610.004 

4.30410.004 

3.95 

UCl, 

7.42810.003 

4.31210.003 

5.51 

NpCl, 

7.40510.010 

4.27310.005 

5.58 

PrClj 

7.4110.01 

4.2510.01 

4.02 

PuCls 

7.38010.001 

4.23810.001 

5.70 

NdClj 

7.38110.004 

4.23110.003 

4,14 

LaBr, 

7.95110.003 

4.50110.003 

4.07 

CeBr3 

7.93610.003 

4.43510.003 

5.18 

UBr, 

7.92610.002 

4.43210.002 

6.53 

NpBra 

7.91710.005 

4.38210.005 

6.61 

PrBr, 

7.9210.01 

4.3810.01 

5.26 


7.80610.018 

4.30210.004 
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3. THE COMPOUNDS PuBr„ Piil„ AND Npl, 

3.1 Origin and Identification of the Preparation . PuBr, was first 
prepared by Hyde, “and the identity of the preparation was established 
by direct chemical analysis . 


Table 4 — X-ray Diffraction Data for PuBr^ 



sin* B 

1 (obs.) 

|F|"p 

200 


0.0153 

S 

6.1 

201 



Nil 

0.1 

002 


0.0289 

M 

4.4 

110 



Nil 

0.2 

202 


0.0437 

M- 

5.6 

111 


0.0463 

M- 

11.6 

400 


0.0605 

Trace 

0.5 

401 

112 


0.0673 

W 

2.2 

12.0 

310 


0.0692 

W 

4.4 

311 


0.0762 

S+ 

52.0 

203 


0.0790 

w+ 

8.2 

402 


0.0861 

M 

26.0 

312 



Trace 

3.6 

113 


0.1029 

S- 

38.4 

004 


0.1137 

W- 

13.7 

403 



Nil 

0.2 

204 

510 


0.1288 

vw 

1." 

313 


0.1329 

w 

24.4 

600 

511 


0.1355 

w 

[ 5.0 
[l8.4 

020 

601 


0.1417 

w 

21.0 
i 1.4 

114 



Nil 

0.4 

220 

512 


0.1567 

VW 

|8.4 

12.8 


Hagemann” was the first to prepare Pul,. The identification was 
made from the x-ray diffraction pattern, which showed that it was 
isomorphous with PuBr, and 

Npl, was made by Fried.” The identity qf the preparation was 
deduced from the x-ray diffraction pattern.” 

3.2 Crystal Structure of PuBr,,”*” Pul,,”’” and Npl, .” PuBr,, 
Pul,, and Npl, and also NdBr„ SmBr,, and Lai, arc examples of a 
new structure type. This should be called the PuBr, type of structure 
since this compound was the first of the isomorphous series to be 
Investigated. 
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Some of the x-ray diffraction observations for PuBr, are shown in 
Table 4. Because of the low symmetry the Interpretations of the dif- 
fraction pattern succeeded only after considerable expenditure of 
time and effort. 

Attempts to interpret the observed sine squares in accordance 
with cubic, hexagonal, or tetragonal symmetry failed. However, the 
observations did fit an orthorhombic quadratic form. The deduced 
lattice dimensions are: 


A 


Sj, A Sg, A 


PuBrg 12.57 + 0.05 4.11 ± 0.03 

Pulg 13.9 + 0.1 4.29 ± 0.04 

Nplj 13.93 + 0.04 4.31 ± 0.03 


9.13 ± 0.04 
9.90 ± 0.10 
9.94 ± 0.05 


Since the volume of the unit cell for PuBr, is 471 A^ and since each 
bromine atom requires a space of about 40 A’, there must be four 
molecules per unit cell. The calculated densities are: p = 6.69 for 
PuBr,, 6.9 for Pul„ and 6.82 for Npl,. 

The observations show that reflections HiHgH, are absent if + Hj 
is odd. In addition the reflections OHgH, are absent unless H, is even. 
Accordingly, one is led to the space group Ccmm (Dg^) or one of its 
subgroups. The holohedral space group Ccmm was assumed to be the 
correct one. 

It was found that agreement between observed and calculated inten- 
sities could be attained if the atoms were distributed over the avail- 
able positions of the space group Ccmm as follows: 

(0 0 0)(il0)+ 

4 metal atoms in ±(x, 0 i) 

4 halogen atoms in ±(x 2 0 |) 

8 halogen atoms in ±(x 3 0 z)(xg, 0, i - z) 

For PuBr, the best agreement between observed and calculated 
intensities was obtained for the following parameter values: 

X, = 0.25, JC^ = -0.07, X, = 0.36, z = -0.05 


The same parameter values also give satisfactory agreement for 
the other members of the isomorphous series. The last column of 
Table 4 gives the calculated values of |F|*p for PuBr,. 
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In the structure each metal atom Is bonded to eight halogen atoms. 
The interatomic distances are: 



PuBr, 

Pul, 

Npl, 

2 halogen atoms at 

3.06 A 

3.31 A 

. 3.32 A 

2 halogen atoms at 

3.08 A 

3.36 A 

3.37 A 

4 halogen atoms at 

3.08 A 

3.32 A 

3.33 A 


The structure is of layer -structure type. Across the planes X = 0 
and X =Mtthe structure is held together only by van der Waals binding 
between bromine or iodine atoms. Thus the crystals should exhibit 
excellent cleavage parallel to (1 0 0). 

4. THE COMPOUNDS PuOCl, PuOBr, AND PuOI 

4.1 Origin and Identification of the Preparation . The compound 
PuOI was first observed and identified from the x-ray diffraction 
pattern^'' in preparations which Hagemann* had made in attempts to 
prepare Pul,. 

The oxybromide PuOBr was first prepared by Hyde and Hagemann/* 
and PuOCl by Brody.*® 

The oxybromide as well as the oxychloride was identified by inter- 
pretation of the x-ray diffraction patterns.” 

4.2 The Crystal Structure of PuPCl,*** PuOBr,” and PuOI .” PuOCl, 
PuOBr, and PuOI all have the PbFCl type of structure. They are thus 
isomorphous with the corresponding compounds of bismuth®® and of 
lanthanum.®* 

The author has prepared additional isomorphous oxyhalides, namely 
PrOCl,®® NdOCl,®® YOCl,®* and NdOBr.®* These compounds were made 
by heating the trihalides in a>. 

The lattice dimensions of tne tetragonal unit cell which contains 
two molecules are shown in Table 5. The calculated densities are 
P = B.81 for PuOCl, 9.07 for PuOBr, and 8.46 for PuOI. 

The x-ray diffraction observations up to sin® 6 = 0.500 are given in 
Tables 6 and 7. 

The structure of the oxyhalides is as follows. The space group is 
P4/nmm (D^,,) and the atomic positions are: 


2 metal atoms in (0 0 Uj)(| jui) 

2 oxygen atoms in (? 0 0)(0 ; 0) 

2 halogen atoms in (0 0 U 2 )(i ju,) 
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Table 5- -Lattice Dimensions for Oxyhalides 



^i» A 

A 


BiOCl 

3.B63 

7.348 

1.892 

LaOCl 

4.11310.003 

6.B71 10.009 

1.671 

PrOCl 

4.045 1 0.003 

6.78610.009 

1.678 

PuOCl 

4.004 1 0.002 

6.77910.010 

1.693 

NdOCl 

4.0310.03 

6.7310.04 

1.677 

YOCl 

3.89210.002 

6.59110.004 

1.693 

BiOBr 

3.916 

0.077 

2.063 

LaOBr 

4.14710.003 

7.37610.012 

1.779 

PuOBr 

4.01410.004 

7.55610.011 

1.682 

NdOBr 

4.00910.006 

7.604 10.020 

1.897 

BiOI 

3.985 

9.129 

2.291 

LaOI 

4.144 

9.126 

2.202 

PuOI 

4.034 10.002 

9.151 10.015 

2.268 


Table 6 — X-ray Diffraction Data for PuOCl 


I (obs.) 

sin^ 0 

h.h^h. 

M4 

0.0498 

101, 002 

M 

0.0737 

110 

M 

0.0887 

102 

VW- 

0.1161 

003 

w+ 

0.1259 

112 

M 

0.1478 

200 

VVW 

0.1537 

103 

VW 

0.1607 

201 

M- 

0.1900 

113 

M 

0.1978 

211 

Trace 

0.2067 

202 

M 

0.2356 

212 

W+ 

0.2440 

104 

W 

0.2637 

203 

VW 

0.2600 

114 

w 

0.2944 

220 

Trace 

0.3005 

213 

VVW 

0,3071 

221 

VW- 

0.3220 

005 

W 

0.3448 

301, 222 

WW 

0.3543 

204 

VW- 

0.3597 

105 

W 

0.3682 

310 

W 

0.3821 

311, 302 

w+ 

0.3901 

214 

VW 

0.3960 

115 

w 

0.4096 

223 

w 

0.4199 

312 

VW 

0.4693 

205 

w 

0.4836 

313 

w 

0.4915 

321 
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Table 7 — X-ray Diffraction Data for PuOBr and PuOI 


“1 

PuOBr 

PuOI 

I (obs.) 

sin> e 

H.HA 

1 (obs.) 

sin* 9 


W 

0.0422 

002 

S 

0.0658 

102 

M 

0.0474 

101 

S 

0.0737 

110 

M 

0.073B 

110 

VW- 

0.0816 

111 

S 

0.0791 

102 

W+ 

0.1020 

112, 103 

vw 

0.0949 

003 

VW+ 

0.1129 

004 

vw- 

0.1162 

112 


0.1469 

200 

M 

0.1478 

200 

VW-*^ 

0.1529 

201 

VW 

1 0.1589 

201 

M 

0.1867 

114 

M 

0.1679 

113, 004 

S-f 

0.2119 

212 

W4 

0.1945 

211 

w 

0.2473 

213 

w+ 

0.2043 

104 

W 

0.2602 

204 

s 

0.2265 

212 

M 

0.2928 

220, 106 

M- 

0.2413 

203, 114 

VW 

0.3223 

220, 205 

w+ 

0.2965 

220, 105 

M 

0.3573 

302 

w 

0.3138 

204 

M 

0.3654 

310 

w+ 

0.3512 

214 

VW 

0.3835 

107 

M 

0.3686 

310 

VW 

0.3937 

312 

M 

0.3740 

302, 006 

VW+ 

0.4061 

224 

VW+ 

0.3889 

223 

VW+ 

0.4377 

216 

W-^ 

0.4094 

106 

w- 

0.4768 

314 

w+ 

0.4470 

215, 116 




w+ 

0.4608 

313, 224 




vw 

0.4904 

321 




vw 

0.4976 

304 





The parameters and Uj were determined using the intensities of 
reflections with high values of the index Hj. The results arc: 


u, Ua 

PuOCl 0.181 0.640 

PuOBr 0.161 0.640 

PuOI 0.125 0.667 

The interatomic distances are: 

Pu-O Pu-X 

PuOCl 2.35 A 3.08 A and 3.11 A 

PuOBr 2,34 A 3.21 A 

PuOI 2.32 A 3.44 A 


In all three compounds each plutonium atom is linked to four oxy- 
gen atoms. In PuOBr and PuOI, plutonium is bonded to four halogen 
atoms, whereas in PuOCl five Pu-Cl bonds are present. 
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The plutonium to oxygen distances are smaller, and the plutonium 
to halogen distances are larger than the sum of the ionic radii. 

5. THE COMPOUND NpCI^ 

The compound NpCl, was first prepared by Fried and Davidson.* 
The substance was identified by its x-ray diffraction pattern, which 
was isomorphous with UClf and ThCl^.*' 

Table 1 shows the x-ray diffraction data up to sin* B = 0.350. 

The complete structure of UCl^ has been found by Mooney.** The 
structure Is tetragonal with four molecules per unit cell. 

The lattice dimensions and calculated densities are: 



a„ A 


P 

ThCI^ 

8.473 ± 0.003 

7.468 ± 0.003 

4.60 

UCl^ 

8.296 t 0.009 

7.487 ± 0.009 

4.87 

NpCl, 

8.25 ± 0.01 

7.46 ± 0.01 

4.92 


These values are taken from references 26, 25, and 7, respectively. 

According to Mooney*® the space group for the UC1» type of struc- 
ture is I4/amd (D^*). The atomic positions are: 

(0 0 0) (Hi) + 

4 metal atoms in (0 0 i) (0 i 1) 

16 chlorine atoms in (0 x z) (0 x z) (0, x + i, H z) 

(0, i - X, i - z) (x 0 Z) (if 0 z) (x + i, 0, z -i) (i- x, 0, z -?) 

For UC1| Mooney found x = 0.28 A and z = 0.40, so that each uranium 
atom is linked to four chlorine atoms at 2.44 A and to four additional 
chlorine atoms at 3.20 A. The difference between the two sets ofU-Cl 
distances is unreasonably large. 

By minor adjustments of the parameter values it is possible to 
make the two sets of distances more nearly equal. The parameter 
values for NpCli are therefore chosen as 

X = 0.310 A and z = 0.430 

With these values each neptunium atom is bonded to four chlorine 
atoms at a distance of 2.61 A and to four additional chlorine atoms at 
2.86 A. These interatomic distances cannot be made exactly equal 
because of chlorine-chlorine repulsion. 
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The last two columns of Table B give the observed Intensities and 
the calculated values |F|^p as reported by Mooney for UClj. 


Table B — X-ray Diffraction Data for NpCI, 


NpCL 

UCl^ 

I (obs.) 

sin* 0 

HiHaH, 

I (obs.) 

iFl’p 

s 

0.194 

101 

s 

25 

s 

0.0347 

200 

s 

31 

w+ 

0.0542 

211 

M- 

31 

M- 

0.0601 

112 

M 

45 

vw- 

0.0703 

220 

Trace 

3 

vw- 

0.0777 

202 

VW 

14 

M 

0.0694 

301 

M+ 

32 

w+ 

0.1051 

103 

M 

26 

w+ 

0.1243 

321 

M+ 

48 

M 

0.1302 

312 

S 

75 

w+ 

0.1400 

400, 213 

M- 

66 

w- 

0.1589 

411 

W+ 

52 

w 

0.1746 

420, 303 

W 

43 

w 

0.1997 

332 

w+ 

35 

vw 

0.2054 

204 

w 

30 

w 

0.2293 

431, 501 

w+ 

53 

vw 

0.2410 

224 

w 

57 

vw 

0.2438 

413 

w- 

40 

vw 

0.2699 

512 

w- 

45 

Trace 

0.2799 

440 

Nll 

14 

w- 

0.3112 

404, 215 



w- 

0.3138 

600, 433, 503 



Trace 

0.3339 

611 



WW 

0.3392 

532 



vw- 

0.3460 

424, 305 



vw 

0.3491 

620, 523 




6. THE COMPOUND Cs,PuCl, 

Anderson” prepared the compound and determined the composition 
by direct chemical analysis. 

The x-ray diffraction pattern of Anderson’s sample corresponds to 
a hexagonal structure. The lattice dimensions are^‘ 

a, = 7.45 ± 0.02 A, aj = 6.05 ± 0.02 A 

The unit cell can accommodate but one molecule. Thus the calculated 
density is p = 4.05. 
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The plutonium atom Is at the position (0 0 0 ) and the two cesium 
atoms are at ±(Ht). The positions of the chlorine atoms have not 
been determined. 

7. OTHER CHLORIDES, BROMIDES, AND IODIDES 

The compounds PuCl^'GHjO and PuBrg-GHjO are isomorphous with 
NdClg'SHgO. NpBr4 is isomorphous with UBr^; NpOCl, and NpOBr, 
are isomorphous with UOClj and UOBrj. 

The identity of these plutonium and neptunium compounds was de- 
termined from the x-ray diffraction patterns, but the author did not 
succeed in deducing the lattice dimensions. 

8. SUMMARY 

Complete crystal structures have been found for the compounds 
PuCls, NpClj, PuBrj, NpBr„ Pul,, Nplj, PuOCl, PuOBr, PuOI, and 
NpCl^. 

PUCI3, NpClg, and NpBr, are hexagonal with the UCI3 type of struc- 
ture in which each metal atom is bonded to nine halogen atoms. 

PuBrj, Pulj, and NPI3 are orthorhombic and isomorphous. The 
structure is of layer-lattice type with each metal atom bonded to 
eight halogen atoms. 

PuOCl, PuOBr, and PuOI all have the PbFCl type of structure. 

NpClf is isomorphous with UCI4. 

Only the lattice dimensions and the positions of the metal atoms 
have been found for the compound Cs2PuCle. 
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THE CRYSTAL STRUCTURE OF SODIUM PLUTONYL AND SODIUM 
NEPTUNYL ACETATESt 

By W. H. Zachariasen 


The compound NaPuO, (0211302)3 was prepared and identified by 
R. Craig, J. W. Hamaker, and G. E. Sheline/ who also showed that 
there was isomorphism with the corresponding uranyl compound. The 
sample used in the present investigation was prepared by Clifford 
Smith. 

L. B. Magnusson and T. J. LaChapelle^ prepared the compound 
NaNp02(C2H30^);,. The x-ray diffraction pattern proved this to be the 
composition of their sample,^ thus for the first time demonstrating 
the existence of the hexapositive state for neptunium. 

X-ray diffraction data (for low-angle reflections) are given in 
Table 1 for NaPu0^(C2H30^)3. Except for a slight shift in the positions 
of the diffraction lines the patterns of the plutonium and neptunium 
compounds are practically indistinguishable. A few observations for 
both compounds taken from the back -reflection region are shown in 
Table 2. 

The corresponding uranium compound had been studied by I. Fan- 
kuchen,* who suggested a complete structure. 

The dimensions of the unit cube and the calciilated densities for the 
three substances are: 

a, A p 

U compound 10.671 ± 0.001 2.554 

Np compoun(P 10.659 ± 0.002 2.556 

Pu compotmd” 10.643 ± 0.002 2.578 


tContrlbutton from the Phyalcs Division of the Metallurgical Laboratory, University 
of Chicago, now the Argonne National Laboratory. 
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Table 1 — X-ray Diffraction Data for NaPu02(C2Hg02)3 (CuKa) 


1 (obs.) 

Bin* 6 

11*4^2 

S 

0.0162 

3 

W+ 

0.0213 

4 

s 

0.0267 

5 

s- 

0.0323 

6 

vvw 

0.0426 

8 

s- 

0.0481 

9 

w+ 

0.0532 

10 

vw- 

0.0564 

11 

vw- 

0.0636 

12 

VW+ 

0.0669 

13 

s 

0.0749 

14 

MS 

0.0904 

17 

vw- 

0.0953 

18 

w- 

0.1006 

19 

w 

0.1114 

21 

VW+ 

0.1269 

24 

w 

0.1322 

25 

s 

0.1378 

26 


0.1433 

27 

M4 

0.1534 

29 

W4 

0.1591 

30 


Table 2 — Back-reflection Data (CuKa) 


Pu compound Np compound 


Hf + H; rf H* 

sin* 0 

a, A 

sin* 0 

a, A 

185a, 

0.9647 

10.644 

0.9624 

10.656 

166a| 

0.9698 

10.645 

0.9671 

10.661 

187aj 

0.9750 

10.642 

0.9726 

10.659 

189a, 

0.9859 

10.643 

0.9832 

10.658 


As shown by I. Fankuchen the space group is P2^3 (T*), and the four 
heavy -metal atoms per unit cell are at positions 

(u u u) (u + i i - u, u) (u, u + 1 , i - u) ( T- u, u, u + I ) 

with u = 0.428 ± 0.002. The same value for u is valid for all three 
compounds. 

The positions of the light atoms are uncertain. 

The x-ray diffraction patterns were taken by Anne Plettinger. 
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Summary . NaPu 02 (C 2 H 30 ^), and NaNp(^(C 2 H 302 ), are isomorphous 
with the corresponding uranyl compound. The unit cube containing 
four molecules has an edge a = 10,659 ± 0,002 A for the neptunium 
compound and a = 10.643 i 0.002 A for the plutonium compound. The 
calculated densities are p = 2.556 for the neptunium compound and 
p s 2.578 for the plutonium compound. 

The space group is P2i3. Only the positions of the heavy -metal 
atoms are known. 
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THE CRYSTAL STRUCTURE OF NpO^ AND NpOt 
By W, H. Zachariasen 


NpOj and NpO are the only two oxides of neptunium for which 
crystal structure data are available. Fried^ made an unsuccessful 
attempt to prepare a higher oxide of neptunium, and NpOj and NpO 
appear to be the only neptunium oxides that are known. 

Identification and Crystal Structure of Np^. In June 1944, T. J. 
LaChapelle and L. B. Magnusson submitted a neptunium preparation 
for x-ray study. They had prepared the sample by ignition of a hy- 
droxide precipitate.^ 

This was the first neptunium preparation to be examined by the 
x-ray diffraction method. At the time, some observations on the 
oxidation states in solutions had been made,^ but not a single valence 
state had been identified. Hence the only statement that could be made 
about the submitted sample was that the preparation was some oxide 
of neptunium. 

A fair x-ray diffraction pattern of the sample was obtained using 
CuK radiation filtered through nickel foil. The weight of the sample 
was estimated to be about 10 /ig, and the eiqposure time was 4 hr. 

The observed intensities and sine squares as obtained from the 
original diffraction pattern are shown in Table 1. 

As indicated in Table 1 the observed values could be interpreted as 
being due to two cubic face-centered phases, one with a lattice con- 
stant of a = 3.910 A present to a small extent, and the other with 
a s 5,42 ± 0.01 A, this latter making up the bulk of the sample. 


tContrlbution from the Physics Division of the Metallurgical Latwratory, University 
of Chicago, now the Argonnc National Laboratory. 
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The first phase is clearly metallic platinum. Its presence in the 
sample was understandable since the neptunium oxide had been gently 
scraped from a platinum crucible. 

The diffraction intensities show that the second phase contains four 
metal atoms per unit cube. The volume of the unit cell is 159 A^, and 


Table 1 — X-ray Diffraction Data for NpO^ 



sin* B 


(h; + + 

H*)(AV4a2) 

I (obs.) 



Phase I 

Phase 11 

MS 

0.0611 


3 X 0.02037 


W 

0.0812 

= 

4 X 0.02041 


w- 

0.1163 

= 


3 x 0.03876 

M- 

0.1623 


8 X 0.02029 


M- 

0.2230 

= 

11 X 0.02027 


VW 

0.2422 

= 

12 X 0.02018 


VW- 

0.3099 

= 


8 X 0.03874 

vvw 

0.3234 

= 

16 X 0.02021 


w- 

0.3640 

= 

19 X 0.02021 


VW+ 

0.4039 

= 

20 X 0.02020 


vw 

0.4261 

= 


11 X 0.03874 

vw^ 

0.4848 

= 

24 X 0.02020 


VW4 

0.5450 

= 

27 X 0.02018 


VW4 

0.7046 

= 

35 X 0.02013 


vvw 

0.8066 

:r 

40 X 0.02017 



Table 2-' X-ray Diffraction Data for NpO (CuKor) 


1 (obs.) 

sin* B 


W 

0.0715 

111 

W- 

0.0956 

200 

vw 

0.1902 

220 

VW+ 

0.2617 

311 

vw- 

0.2879 

222 

vw 

0.4401 

331 


0.4766 

420 


the space requirement of an oxygen atom is 19 A’ as shown by earlier 
work.^ Hence there are eight oxygen atoms per unit cell, and the 
identity^ of the phase is NpOj. Thus a compound and a valence state 
of neptunium had been identified for the first time. 

Later samples of NpO^ permitted a more accurate determination of 
the lattice constant. The best value^ is a = 5.425 ± 0.001 A, giving a 
calculated density p = 11.11. 



CRYSTAL STRUCTURE OF NpO^ AND NpO 1491 

The ojc^gen atoms have a small effect on the intensity of scattering, 
but the effect is sufficient to show that the structure of NpO^ is of the 
fluorite type. Thus each neptunium atom is bonded to eight oxygen 
atoms with a Np-0 distance 2.349 A. 

The lattice constants and interatomic distances for the isomorphous 
series of dioxides are given in the chapter on the crystal chemistry 
of plutonium and neptunium, National Nuclear Energy Series, Divi- 
sion IV, Volume 14 A. 

Identification and Crystal Structure of NpO. Fried° prepared nep- 
tunium metal and neptunium hydride. The x-ray diffraction patternt 
of the hydride sample showed the diffraction lines of NpO; and of a 
.second phase. The second phase is cubic face-centered with a = 
5.00 t 0.01 A. The data for the diffraction lines are shown in Table 2. 
The relative intensities of the pairs of reflections 1 1 1, 2 0 0; .3 1 1, 
22 2; 331,420 indicate the .sodium chloride type of structure. 

It could thus be .stated® that the phase probably was NpO. The cal- 
culated density is p = 13.35. 

The lattice constant of PuO is, for comparison, a = 4,948 ± 0.002 A. 

Summary . A preparation of neptunium oxide has been shown to be 
Np02. This compound has the fluorite type of structure with a = 
5.425 ± 0.001 A and a calculated density of p = 11.11. 

A preparation of neptunium hydride is shown to contain Np02 and a 
phase that probably is NpO. The monoxide has the sodium chloride 
type of structure with the value of a = 5.00 ± 0.01 A and a calculated 
density of p = 13.34. 
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ELECTRONIC STRUCTURE OF THE HEAVIEST ELEMENTS! 

By G. T. Seaborg 


1. HISTORICAL BACKGROUND 

1.1 Before the Discovery of the Transuranium Element s. The 
intensive study of the heaviest elements during the last few years has 
given information and data that now enable us to make some definite 
statements as to theii electronic structure and their place in the 
periodic table. These are to an appreciable extent two different ques- 
tions. Such elements (compare, for example, the rare-earth elements) 
will probably find their place in the periodic system on the basis of 
their chemical properties as a group rather than on the basis of. the 
individual electronic structures of their gaseous atoms. The informa- 
tion obtained about the recently discovered synthetic transuranium 
elements has been particularly useful in this connection, and it is 
largely on the basis of these new elements that this question is now 
well understood. 

The heaviest natural elements, thorium, protactinium, and ura- 
nium, of atomic numbers 90, 91, and 92, respectively, have been 
placed in corresponding positions just below the sixth period “transi- 
tion” elements — hafnium, tantalum, and tungsten — in which the 5d 
electron shell is being filled. Hafnium, tantalum, and tungsten are 
similar in their chemical properties to the corresponding transition 
elements in the fifth period — zirconium, columbium, and molybde- 
num — in which the 4d shell is being filled. 

It has long been known that the chemical properties of thorium, 
protactinium, and uranium resemble those of the 4d and 5d elements. 
For this reason most of the textbooks and standard works on chemis- 


tContrlbutlon from the Department of Chemistry and the Radiation Laboratory, Uni- 
versity of California, Berkeley. 
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try and physics in which the electronic structure is discussed have 
accepted the view that it is the 6d shell that is being filled. Thus the 
structures ol the elements above radon (element 86) through uranium 
have been written to show the addition of the next two electrons in the 
7s shell for element 87 (francium) and element 88 (radium) and addi- 
tion in the 6d shell for actinium, thorium, protactinium, and uranium^ 

Many of the early papers that appeared after N. Bohr’s classical 
work^ on the quantized nuclear atom discuss the electronic structure 
of the heaviest elements. It has been recognized by many that the 
next hypothetical rare gas should have the atomic number 118 in a 
place 32 elements beyond radon (Z = 86), thus implying transition 
groups similar to those between xenon (Z = 54) and radon (Z = 86). 
Rydberg” as early as 1913 implied that this was to be expected. There 
has been general agreement that some type of transition group should 
begin in the neighborhood of uranium, although there have been dif- 
ferences of opinion as to where it begins and as to which electron 
shell is involved. A number of the earliest publications have sug- 
gested that this transition series involves the filling of the 5f shell, 
thus possibly giving rise to a "rare-earth” group in a manner analo- 
gous to that resulting from the filling of the 4f shell. The filling of 
the 4f shell results in the well-known group of fourteen rare-earth 
elements of atomic numbers 58 to 71, inclusive; these elements fol- 
low lanthanum. It is of interest here to note a few of the early and 
also the later suggestions in order to review the general previous 
status of this question. Most of these early investigators thought that 
the filling of the 5f shell should begin at some point beyond uranium, 
that is, beyond the elements that were known to them. 

In early papers Bohr* suggested that the addition of the 5f electrons 
might begin in this region, and in a Bohr-Thomsen type of periodic 
table he pictured the first entry at the element with atomic number 
94. Goldschmidt” thought the transuranium elements, up to atomic 
number 96 should be homologues of the platinum group, and Hahn” 
thought this view was worthy of serious consideration. Suguira and 
Urey,'' using the old quantum theory, published the results of their 
calculations, which indicated that the first entry of an electron into 
the 5f shell should occur at element 95, whereas Wu and Goudsmit,” 
on the basis of a more refined calculation, showed that their solution 
of the Schrodinger equation indicated such entry at uranium or ele - 
ment 93. McLennan, McLay, and Smith” suggested as an alternative 
to the filling of the 6d shell the possibility that the 5f shell begins to 
be occupied in thorium. In a review article Dushman^" stated that it 
is doubtful that the added electrons enter the 6d level (thus implying 
an analogy with cerium, etc.). Swinne^^ pointed out that the available 
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evidence on thorium and uranium was consistent with the first entry 
of 5f electrons at protactinium or uranium, but he also thought that it 
might occur beyond uranium. Saha and Saha^^ suggested as an alter- 
nate possibility to the filling of the 6d shell the entry of the first 5f 
electron at thorium. Karapetoff'^ suggested that the element with 
atomic number 93 might be the first in which the 5f shell begins to be 
filled, and Von Grosse'^ suggested as a possible alternative to filling 
of the 6d shell the entry of the first electron in the 5f shell at ura- 
nium. Quill, largely for the purpose of illustration, presented peri- 
odic table arrangements in which the first 5f electron appears in 
element number 95 in one case and in element number 99 in another. 
Perrin,^® Rudy,” and Carranza*® on general considerations proposed 
as a possibility the theory that the first 5f electron appears in tho- 
rium, and Villar*® more recently suggested that some of the chemical 
evidence supports this viewpoint of an "actinide” transition group. 
Somewhat earlier, on the basis of his crystallographic work, Gold- 
schmidt®® had changed his original point of view and had come to the 
view that the first 5f electron enters at protactinium, which is the 
first element beyond thorium, although he pointed out the possibility 
that this might occur earlier, in thorium, or later, in uranium, or in 
the (at the time unknown) transuranium elements. By analogy with the 
name "lanthanide” series, which he had already proposed®* for the 
rare-earth elements because these fourteen elements following lan- 
thanum have lanthanum as their prototype, he proposed the name 
"thoride” series for the fourteen elements following thorium. At the 
same time he was the first to suggest that terms such as "actinide,” 
"protactinide,” and "uranide” might describe the group if it should 
eventually be found to begin earlier or later than this . 

It can be seen that although many interesting and perspicacious 
proposals had been made up to this time, the electronic structure and 
place in the periodic table of these elements could not be regarded as 
established. 

1.2 After the Discovery of the Transuranium Elements . The 
recent discovery of the transuranium elements and the study of their 
properties, especially the chemical properties, have furnished a 
tremendous amount of additional evidence of just the type needed to 
clarify this problem. It is in the transuranium elements that the 
really definitive chemical properties, from the standpoint of placing 
the heaviest elements in the periodic table, first appear. The first 
conclusive evidence that the 5f shell undergoes filling in this heavy 
region came from the tracer chemical observations of McMillan and 
Abelson®® on element 93, neptunium. Upon their discovery of neptu- 
nium, the first transuranium element, McMillan and Abelson were 
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able to show definitely that it resembles uranium in its chemical 
properties and bears no resemblance to rhenium, which is the ele- 
ment immediately above it in the periodic table. This excellent ex- 
perimental evidence was interpreted by them to indicate that this new 
“rare-earth” group of similar elements starts with uranium. The 
later calculations of Mayer^^ indicated that the energy and spatial ex- 
tension of the 5f eigenfunctions drop sharply at about element 91 and 
therefore that the filling of the 5f shell might begin at protactinium or 
uranium. Daudel^* in commenting on Mayer’s paper made some re- 
marks concerning the special nature of the f electrons at the beginning 
of the rare-earth and the heavy -transition groups. Starke^’ and Bed- 
reag*® also interpreted the tracer experiments with element 93 as 
indicating that the first 5f electron comes at element 93, but Strass - 
mann and Hahn^’' thought, on the basis of their tracer experiments with 
this element, that it was difficult to make any deduction. As a result 
of their first tracer experiments with element 94 together with their 
consideration of the tracer investigations with element 93, Seaborg 
and Wahl®® in 1942 made the suggestion that this transition group 
might begin earlier and that thorium or actinium might be the zero 
element in the series. On the basis of his complete crystallographic 
evidence, including especially observations on the transuranium ele- 
ments, Zachariasen®® agreed with Goldschmidt that a thoride series 
is involved. Some spatial classifications®®’®* of the elements have 
appeared recently in which the heaviest elements, starting with tho- 
rium as the homologue of cerium, are listed as the chemical homo- 
logues of the rare-earth elements, but the reason in these cases ap- 
pears to be mainly connected with the symmetry of and the ease of 
making such an arrangement. 

Following the first tracer work on the transuranium elements, the 
elements neptunium (atomic number 93) and plutonium (atomic num- 
ber 94) have been extensively investigated with substantial weighable 
quantities. Americium (atomic number 95) and curium (atomic num- 
ber 96) also have been available for investigation, on a more limited 
scale, in weighable quantities. The recent extensive investigations on 
thorium, protactinium, and uranium also have contributed to the evi- 
dence that is now useful in interpreting this question. All this infor- 
mation, especially the chemical evidence concerning americium and 
curium, seems to lead to a self-consistent and unambiguous picture 
concerning the nature of this transition series. 

2. ACTINIDE CONCEPT 

2.1 General. The evidence now available leads to the definite view 
that it is the 5f electron shell that is being filled in these heaviest 
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elements. The evidence seems sufficient to go further than this, and 
to suggest‘d that this rare -earth -like series begins with actinium 
in the same sense that the rare-earth or "lanthanide” series*^ begins 
with lanthanum. On this basis it might be termed the "actinide” 
series,’*'^’ and the first 5f electron might, although would not neces- 
sarily, appear in thorium. The salient point is that the characteristic 
oxidation state is the III state. (The characteristic oxidation state is 
exhibited by the member containing seven 5f electrons and presumably 
also by the member containing fourteen 5f electrons, namely, curium 
and element 103.) 

There is much evidence pointing toward this view. The following 
evidence will be discussed: (1) chemical properties, (2) absorption 
spectra in aqueous solution and crystals, (3) crystallographic struc- 
ture data, (4) magnetic susceptibility data, and (5) spectroscopic data. 

It should be emphasized that the discussion so far has been carried 
on in a somewhat oversimplified manner. This was done because the 
details concerning the possible physical or chemical forms in which 
these elements might exist have a bearing on the electronic struc- 
tures, as is the case for all the other transition groups, including the 
rare-earth elements. Differences of this sort should be much more 
pronounced for the 5f transition group than for the 41 transition group 
owing to the lower binding and shielding of the 5f electrons. The 
effect that this should have on making the heavy rare -earth -like 
series- different from the light rare-earth group has not been gener- 
ally well recognized, even though Bohr^ pointed out clearly more 
than twenty -five years ago that this looser binding would obscure the 
place of beginning for the heavy series. Thus the number of 5f elec- 
trons in the atom in the gaseous state might differ from that in the 
metallic state (which in turn can differ from one phase to another), 
and in turn neither of these structures might correspond directly to 
the chemical properties, in which hydration and lattice energies play 
an important role. It is the chemical properties (including absorption 
spectra, crystallographic data, etc., on the compounds) that should be 
determinative in placing these elements in the periodic table, just as 
was the case for the rare-earth elements. The rare-earth elements 
would be placed differently if their' electronic structures alone were 
considered. 

2.2 Chemical Evidence . On the basis of an actinide series thb 
characteristic oxidation number for the series is m, and this shows 
up strikingly in the stabilization of the lower oxidation states with 
increasing atomic number. In going from uranium to plutonium it 
becomes increasingly difficult to effect the oxidation from the IV to 
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the VI state, and with americium it is impossible in aqueous solution 
to effect an oxidation to the VI state. Similarly, it becomes increas- 
ingly difficult to effect oxidation from the ni to the IV state in going 
from uranium to plutonium. With americium the evidence indicates 
that it probably is not possible to effect this oxidation in acid solution. 
If this oxidation should be proved possible, the indications are that 


Table 1 — Some Oxidation Potentials of the Actinides 
(Aqueous Solution, 1 molar) 

Potential, volts 


Atomic no. 

Element 

III to nr 

IV to VI 

92 

U 

4-0.63 

-0.60 

93 

Np 

-0.14 

0.94 

94 

Pu 

-0.95 

-1.11 

95 

Am 

— 2.6 



the potential is so great that the higher oxidation state of americium 
is reduced rapidly by water and cannot be maintained in aqueous 
solution for any great length of time. These considerations are illus- 
trated in Table 1. In Table 1 the standard oxidation -reduction poten- 
tials, referred to the hydrogen -hydrogen ion couple as zero,^^ are 
listed for the HI -IV and IV -VI oxidations for these elements.*® 

Much of the work done with curium has necessarily been limited to 
the tracer scale, and therefore it has been impossible to make cor- 
responding quantitative deductions. This work, however, has led to 
the definite qualitative conclusion that it is impossible in aqueous 
acid solution to oxidize curium to the VI state, and that it is also im- 
possible to oxidize it from the ni to the IV state. In fact, the experi- 
ments of Thompson, Morgan, James, and Perlman,*'' in which tracer 
amounts of curium and americium were subjected to strong oxidation 
under alkaline fusion, indicate that it is more difficult to oxidize 
curium from the in to a higher state than is the case for americium, 
and it may be actually impossible to effect this oxidation. These ex- 
periments indicate that americium may be oxidized in alkaline medi- 
ums and can in this manner be separated from curium. In fact, 
Werner and Perlman*® were able to oxidize americium(III), in 40 per 
cent potassium carbonate solution by the use of the strong oxidizing 
agent hypochlorite, to an insoluble compound, probably a compoimd of 
americium(V). The result was an almost complete separation from 
curium (in), which apparently is not oxidized under these severe con- 
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ditions. The microchemlcal experiments of Werner and Perlman” 
with macroscopic concentrations of curium also point toward the 
existence of curium solely in the III oxidation state. 

This tendency toward increasing stabilization of the lower oxidation 
states, especially the III state, with increasing atomic number also 
manifests itself notably in the stability of the solid compounds of the 
various oxidation states of these elements. The best illustration 
arises from a consideration of the solid nonoxygenated halides of 
these elements. The first possibility of the production of a trifluoride 
appears with uranium trifluoride, which can be prepared only under 
drastic reducing conditions. The stability and ease of reduction to 
the trifluoride increase in going to neptunium and then to plutonium. 
In the case of americium it has not been possible to produce any 
higher fluoride than the trifluoride. 

With respect to the other halides it has been impossible to prepare 
any plutonium or americium chloride, bromide, or iodide of oxidation 
state higher than III. It has been possible to prepare only the chloride 
and bromide of neptunium of oxidation state IV, in addition to the 
chloride, bromide, and iodide of oxidation state III. In the case of 
uranium it has been known for some time that there are chlorides of 
oxidation state higher than IV and a chloride, bromide, and iodide of 
oxidation state IV. These considerations are well illustrated in Table 
2, which lists all the halides of uranium, neptunium, plutonium, and 
americium that have been prepared and maintained as stable in the 
solid state. So far the chemical evidence indicates that it will be 
difficult, probably impossible, to prepare any of the nonoxygenated 
halides of americium and curium of oxidation state higher than III. 
In fact, Fried and Florin^ have treated AmF, with fluorine at elevated 
temperatures and have obtained no evidence for the formation of a 
higher fluoride. 

This chemical evidence indicates that the 5f electrons are more 
easily removed by oxidation than the 4f electrons, as would be ex- 
pected on the basis of the predicted lower ionization potentials of 5f 
as compared to 4f electrons, provided the hydration and lattice free 
energies were not such as to reverse the effect, which might conceiv- 
ably have been the case. Thus the III state of thorium cannot exist in 
aqueous solution, and the IV and in states of protactinium are pre- 
sumably unstable in aqueous solution, although evidence for a valence 
state lower than V has been reported.^* In the case of solid compounds 
it has been possible to prepare thorium triiodide^^'** and sesquisul- 
fide,” as well as compounds of lower oxidation states,*’’** under 
rather severe reducing conditions. It seems likely that tetraposltive 
and tripositive compounds of protactinium will be prepared as soon 
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as efforts in this direction are made. In fact, Zachariasen" and Mc- 
Cullough" already have some crystallographic evidence for a dioxide 
of protactinium with the fluorite structure, although this may be a 
case of solid solution of two oxidation states similar to the solutions 
studied by Marsh" and Prandtl and Rieder" in the PrOj-Gd^Oj,, TbOj- 
Nd, 03 , and PrjOj-PrOj systems and similar to the well-known solid 


Tabu* 2— H'dlidps of Somr of fhi* Hei)vie.st Elements 


Atomic 

no. 

Elrmciil 

FJuoride.'s 

j Chlorides 

Bromides 

Iodides 

92 

U 

UFb UFj UF, UF, 

UClo UClj UCl, UCI 3 

UBr, UDr, 

UI, UI, 

93 

Ni.) 

N|jr„ NpF,V NpF^ NpF, 

NpCl, NpCl, 

NpBr« NpDr, 

NP4 

94 

Pu 

PuF^ PuF, 

I PuCl, 

PuBr, 

Pul, 

95 

Am 

AmF, 

AmCl, 

1 AmBr, 

Ami, 


solutions in the iron oxide systems. It is not known whether the un- 
utilized electrons in these lower oxidation states are in the 5f or the 
6d configuration or in some combination of these, because this Is the 
precise area where the binding energies for the two types of electrons 
come closest to equality. From the behavior of uranium, neptunium, 
and plutonium it must be deduced that as many as three of the 5f elec- 
trons are given up quite readily but with increasing difficulty as the 
atomic number increases. In this connection it is interesting to note 
that for lanthanide elements not only are there several instances of 
dipositive oxidation states, from which 4f electrons are lost upon 
oxidation to the corresponding tripositive states, but also in the gas- 
eous atoms there are, generally, only two electrons (beyond the xenon 
structure) outside the 4f shell (see Table 5), although the persistent 
oxidation state is certainly the III state. Another noteworthy example 
of a compound of this type is cerium sesquioxide, which is so unstable 
toward oxidation to the dioxide that the former is extremely difficult 
to prepare and maintain. As Connick^®* has pointed out, the stability 
of the in oxidation state in the rare-earth elements is as much a con- 
sequence of the hydration and lattice free energies as of the ionization 
potentials. 

Americium might possess an oxidation state of II. It would attain 
the n oxidation state through the presence of seven electrons in the 
5f shell in a manner analogous to the II state of europium, the ele- 
ment immediately preceding gadplinium, with its seven 4f electrons. 
Because of the greater ease in the removal of the 5f electrons, it 
might require a considerably stronger reducing agent to reduce 
americium from the m to the n state than would be required for 
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europium. It is not impossible that it will be found that americium 
can be reduced to the n state in aqueous solution, although it is more 
likely that dipositive solid compounds will be prepared. Thompson 
and coworkers” in some rough preliminary experiments have made 
partial separations of americium, presumably as americium(II), 
from curium in tracer amounts in aqueous solution. This was done 
by using sodium amalgam as the reducing agent and carrying ameri- 
cium selectively with samarium(n) sulfate and, in addition, by using 
barium as the reducing agent and carrying americium selectively with 


Table 3 — Oxidation States of Lanthanide and Actinide Elements 


Atomic no. 

57 

56 

59 

60 

61 

62 

63 

64 

65 

Element 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Oxidation states 






2 

2 




3 

3 

3 

3 

3 

3 

3 

3 

3 



4 

4 

(4)t 





4 




(5) 







Atomic no. 

69 

90 

91 

92 

93 

94 

95 

96 


Element 

Ac 

Th 

Pa 

U 

Np 

Pu 

Am 

Cm 


Oxidation states 







(2) 




3 

(3) 

(3) 

3 

3 

3 

3 

3 




4 

(4) 

4 

4 

4 

(4) 






5 

5 

5 

5 

(5) 







6 

6 

6 





tExplanation of parentheses Is in text. 


barium chloride from concentrated hydrochloric acid solution. Curi- 
um, with its seven 5f electrons, should exhibit the III state almost 
exclusively, and all evidence obtained from both tracer and macro- 
scopic quantities indicates that this is the case. However, it would 
not be surprising if it should prove possible to prepare CmOg owing 
to the great stability of this dioxide structure (see Sec. 2.4). 

Table 3 summarizes the known oxidation states of the lanthanide 
and actinide elements in such a way as to bring out the analogy be- 
tween the two groups and to show the greater ease of oxidation for 
the members of the latter group. The uncertain or unusual states are 
designated by parentheses, and those states with metallic or possibly 
metallic character in their bonding that have an oxidation number 
less than III are omitted. Such a table has only limited meaning be- 
cause oxidation states of solid compounds formed under drastic con- 
ditions, which vary in their severity, are included. But the method of 
listing only those states that are stable in aqueous solution also has 
shortcomings, because the existence of an aqueous ion, besides being 
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lltnited by the ionization potentials of its electrons, is affected by 
specific chemical processes of hydration and complex formation and 
is arbitrarily confined within the limits of its oxidation or reduction 
by water. 

The metals of the elements thorium to americium, inclusive, have 
been prepared and their properties studied; these bear a striking 
resemblance to the metals of the rare-earth elements. All are highly 
electropositive and to about the same degree. In this property they 
are similar to the rare-earth metals and different from the corre- 
sponding 5d elements, hafnium (element 72) to iridium (element 77), 
inclusive. In the 5d elements the electropositive character of hafnium 
is lost as 5d electrons are added in going toward iridium. Another 
remarkable resemblance to the rare-earth elements lies in the densi- 
ties of the metals. Both americium^'’ and the analogous 4f element 
europium^* have densities much lower than their neighboring ele- 
ments. Thus, these metals seem to have radium -like or barium -like 
structures with abnormally high radii and analogous electronic struc- 
tures. A comparison with tungsten, rhenium, osmium, and iridium 
shows no such analogy. 

2.3 Absorption Spectra in Aqueous Solution and Crystals . One of 
the characteristic properties of the elements of the lanthanide series, 
a property which depends upon the 4f electrons, is their sharp absorp- 
tion bands, which are to a large extent in the visible spectrum. The 
absorption is due to transitions involving the 4f electrons, and the 
sharpness results from the shielding of these electrons, in both the 
ground and excited states, by electrons in the outer shells. The in- 
vestigations of this type with the elements uranium, neptunium, pluto- 
nium, americium, and curium have shown a striking similarity in 
this property to the rare earths. This similarity is further evidence 
that we are dealing with 51 electrons. The analogy between the rare 
earths and uranium(lV) in this property was noticed by Goldschmidt,’^ 
and the analogy between the rare earths and uranium(III) and ura- 
nium(IV) was noticed by Ephraim and Mezener” many years ago. 
This similarity between the actinide and the lanthanide elements is 
more than qualitative, because the general complexity of the absorp- 
tion picture undergoes analogous simplification as we approach the 
middle of the two series — that is, as we approach the elements gado- 
linium and curium, with their seven 4f or 5f electrons. Unfortunately, 
up to the present the most extensive work on the absorption of ura- 
nium and the transuranium elements has been done in solution, where 
much of the sharpness is lost, and with instruments of not very high 
resolving power. The aqueous -solution absorption spectra of the 
trlposltlve actinides taken from various sources on the Plutonium 
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Project”* are shown in Fig. 1, and the corresponding spectra of the 
rare-earth elements also are shown for purposes of comparison. 
Although the absorption curves of Prandtl and Scheiner”” are avaiiable 
for comparison, this work was not done under conditions comparable 
to those under which the work on the actinides was done. Stewart”” 
has measured the absorption spectra of the rare-earth elements 
under comparable conditions, his re.sults also being given in Fig. 1. 
The preliminary results of Lantz and Parker”^ on the absorption 
spectrum of prometheum (element 61) are also included. It appears 
that as we approach the middle of the two series, that is, as we ap- 
proach the elements gadolinium and curium, the ground states involv- 
ing the 5f electrons uniformly fall increasingly below the next higher 
states. This leads to energy differences for curium of such a magni- 
tude that the absorption falls outside the visible and in the ultraviolet 
region as in the case of gadolinium. The analogous peaks of europium 
and americium at 4000 and 5000 A, respectively, have been studied in 
detail by Jones and Cunningham,”” who have shown that in aqueous 
solution these elements display striking similarity even in their 
“fine structure.” 

The best method for the comparison of the absorption spectra of 
the two groups of elements is to compare the spectra obtained with 
crystals, in which the absorption lines are known to be very sharp 
for the rare-earth elements on the basis of a large number of meas- 
urements with many of these elements. Some such measurements 
have been made for a number of the transuranium elements, and the 
results so far indicate striking analogies. Freed and Leitz®”-®'’ have 
measured the absorption spectrum of solid americium trichloride, 
finding sharp lines of the order of 1 to 5 A wide. This width is com- 
parable with that of lines in the sharpest rare-earth spectra. In 
fact the sharpness in the spectra”® of americium chloride and ameri- 
cium bromide is so extreme at room temperature and at 77°K that 
only the tripositive europium ion is comparable; since the absorption 
spectrum of the latter originates from a ground state involving six 
4f electrons, it seems very likely that the basic state of tripositive 
americium contains six 5f electrons. Freed and Leitz”” also meas- 
ured the absorption spectra of uranium tetrachloride, neptunium 
tetrachloride, and plutonium trichloride at room temperature and at 
77'’K; the sharpness of the lines indicates that the least stable elec- 
trons of these ions are in the inner 51 shell in the activated as well 
as in the basic electronic states. 

2.4 Crystallographic Data . As mentioned above, crystallographic 
evidence points, in addition, to the filling of the 5f shell in this neigh- 
borhood of heavy elements. Some years ago Goldschmidt*”'®^’®* had 
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already noticed the isomorphism of ThOg and UO^ and the decrease in 
size in going from ThOg to UOg, and he had interpreted this to indicate 
the presence of 5f electrons in uranium. The observation by Zacha- 
riasen^® of the isomorphism of the compounds ThOg, PaO^, UOg, Np 02 , 
PuOg, and AmOg,®® together with his observation of the regular de- 
crease in radius of the metallic ion in these oxides, has been inter- 
preted by him to be excellent evidence that the electrons are going 
into the 5f shell, [in this series, however, the lattice constants of the 
PaOj (see references 46 and 47), possibly also AmOg (see reference 
64), do not fit perfectly into the regular pattern for decrease in atomic 
radius of the metallic ions. This failure to fit may be due to mixed 
oxidation slates similar to the situation found for the higher praseo- 
dymium oxides by Marsh/®] The relative ease with which PaOg and 
AmOg may be formed by heating in air is in sharp contrast to the 
instability of the tetraposiiive states of these elements in aqueous 
solution and illustrates the great stabilizing influence of the dioxide 
crystal lattice. Both of these investigators have advanced the hypothe- 
sis that it is a thoride series, i.e., that the first 5f electron appears 
in the first element beyond thorium, namely, protactinium. 

Zachariasen has used the x-ray diffraction method to determine 
the molecular structures of a great number of compounds of thorium, 
uranium, and the transuranium elements. All these measurements 
point toward the filling of the 51 shell, since analogous compounds are 
found to be isomorphous. This indicates that the successive electrons 
are added in such a way (i.e., to an inner shell) as to allow the analo- 
gous compounds of successive elements to have identical molecular 
structures. Zachariasen®^ has found that practically all the various 
halide types shown in Table 2 have isomorphous structures; for ex- 
ample, all members of the group ThF^-UF^-NpF^-PuF^ are of identi- 
cal structure types, all members of the group UFj-NpFj-PuFg-AmFj 
are isomorphous, and for the group UClg-NpClg-PuCla-AmClg the 
same is true. In some instances there is a change in structure type 
in proceeding through the group, as occurs in the group UBrg-NpBrg- 
PuBTj-AmBrg. However, this is to be expected on the basis of the 
contraction that lakes place, and it is entirely consistent with the 
addition of the successive electrons to the 5f shell. Zachariasen®* 
has used these structure data to calculate ionic radii, and these radii 
show a progressive decrease in size with increasing atomic number 
in a manner quite analogous to the well-known ''lanthanide contrac- 
tion" observed with the rare-earth elements. The compounds of the 
rare-earth elements are in turn isomorphous with the corresponding 
compounds of the actinide elements. In order to illustrate further 
these considerations Table 4 gives the ionic radii of a number of 
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the actinide and lanthanide elements** with interpolated values in 
parentheses. 

2.5 Magnetic Susceptibility Data . Magnetic susceptibility meas* 
urements on compounds of the heaviest elements ideally should lead 


to the resultant magnetic moments in fundamental units and in this 
way give information as to the quantum states of the responsible elec- 


irons. As 

evidenced by the 

rare-earth 

elements. 

the situation is 


Table 4 - 

Ionic Radii of Actinide and Lanthanide Elements 




Actinide series 


Lanthanide series 

No. of 41 or 

in state 

IV slate 

III state 

51 electrons 

Element 

Radius, A 

Element 

Radius, A 

(Ucment 

Radius, A 

0 

Ac« 

i.i: 


0.95 

La^= 

1.04 

1 

(Th+>) 

(1.00) 

Pa-« 

0.91 


1.02 

2 


(1.06) 

u« 

0.89 

Pr+s 

1.00 

3 

U+s 

1.04 

Np-*^ 

0.8B 

Nd*' 

0.99 

4 

Np+’ 

1.02 

Pu*‘ 

0.86 


(0.98) 

5 

Pu** 

l.Ol 

Am-” 

0.85 

Sm« 

0.97 

6 

Am+> 

1.00 



Eu+’ 

0.97 


rather complex, and the exact behavior expected for the heaviest ele- 
ments on the basis of the presence of either 5f or 6d electrons cannot 
be, or at least has not been, predicted. Nevertheless, such measure- 
ments should give, and indeed have given, information on this point. 

The earliest magnetic susceptibility measurements that were made 
on the compounds of uranium**'** and plutonium''* showed that these 
are paramagnetic, yet the results are difficult to interpret quantita- 
tively. A simple qualitative explanation of the magnetic susceptibili- 
ties of plutonium(lll), plutonium(IV), and plutonium(VI) lies in the 
assumption that there are five 5f electrons in plutonium(in) which are 
successively removed as the higher oxidation states are reached. 
These measurements, however, do not lead to this interpretation as 
the sole and unambiguous one, and as a result they must be regarded 
only as being consistent with and lending weight to this view but not 
as proving it. 

Hutchison and Elliott''* later made magnetic susceptibility meas- 
urements over a wide range of temperatures on a number of solid 
compounds of the heaviest elements. In the case of uranium(IV) com- 
pounds'"’''* they discovered that a number of them behave in a manner 
similar to praseodymlum(lll) compounds; this indicates that these two 
groups of compounds have Isoelectronic structures with respect to f 
electrons and thus have two such electrons. They found, in addition. 
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that the temperature dependence of the magnetic susceptibility of 
these uranium(IV) compounds obeys the Curie -Weiss law over a range 
of temperatures, and through extrapolation with the use of this iaw 
they deduced a resultant magnetic moment very close to that expected 
for two f electrons. They also concluded that the crystal fields pro- 
duce more pronounced perturbing effects in this case than in the 
corresponding case involving 4f electrons. Their measurements on 
neptunium(V), which is isoelectronic with uranium(IV), also Indicated 
the presence of two f electrons here. 

Howland and Calvin’* have measured the magnetic susceptibilities 
of the cations of uranium, neptunium, plutonium, and americium in 
most of their stable oxidation states in aqueous solution. In order to 
account consistently for (he observed values of the magnetic suscepti- 
bilities, the heavy atoms must be assumed to have electronic configu- 
rations, beyond the radon structure, of the type (5f)*"®; for example, 
neptunium(VI) corresponds to the structure 5f, uranium(IV), neptu- 
nium(V), and plutonium(VI) to 5f*, neptunium(IV) to 5f*, plutonium(IV) 
to 5f^, plutonium(in) to 5f*, and americium(III) to 5f*. The experi- 
mental effective magnetic moments are generally lower than the 
theoretical values and lower than experimental values for corre- 
sponding lantlianide 4f" cations; this would be expected on the basis of 
the Stark effect produced by electric fields of anions and of water 
dipoles. Failure of the Russell -Saunders approximation to the coupl- 
ing between electrons may account for some of the error in the theo- 
retical calculations. That the susceptibilities of plutonium(III) and 
americium (III) are many times lower than those of samarium(lll) and 
europium(ni), respectively, is attributed to wider multiplet splitting 
in the actinide atoms. Figure 2 is a graph comparing the experimental 
magnetic susceptibilities of the lanthanide and actinide cations in 
such a way as to show their remarkable analogy in this property. 

2.6 Spectroscopic Data. Spectroscopic evidence also lends support 
to the actinide interpretation. Kiess, Humphreys, and Laun’^’’* in- 
vestigated the spectrum of uranium atoms. They gave the interpreta- 
tion that the electron configuration of the lowest state of neutral 
uranium is 5f*6d7s* (beyond radon), a configuration that fits in weil, 
since uranium is the third element in the series. Other work by 
Schuurmans andcoworkers’*'” on tlie spectrum of gaseous uranium(ll) 
and uraniumd) and by McNally and Harrison’* on uranium(n) has 
given results that are consistent with this as the ground term for the 
neutral uranium atom. Other observations’*'** made on the gaseous 
thorium(II) spectrum indicate that the 5f electron is very close to the 
6d electron in binding energy in the neutral free thorium atom. Rus- 
sell** has made a complete analysis of the x-ray data for radium. 
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thorium, and uranium and has concluded that the 5f lies lower than 
the 6d level and that the 5f shell begins to fill at thorium. 

Tomkins and FrecP* have made a qualitative comparison of the 
emission spectra of the actinide and the lanthanide elements. They 
found such a strong analogy between the average intensity of the lines 
in the case of americium and europium that it seems safe to conclude 



Fig. 2 — Graph of molar magnetic susceptibilities of some aqueous actinide and lantha- 
nide ions. 

that these have similar electronic structures in their ground states. 
This indicates that the configuration of the gaseous atom of americium 
is BrTs*. 


3. CORRELATIONS AND DEDUCTIONS 

3.1 Electronic Configurations . Table 5 gives what appears to be 
the configuration or the best prediction for the configuration, beyond 
the radon structure, of the ground state of the neutral gaseous atom 
for each of the elements actinium to curium, inclusive. The trend in 
the chemical properties, with its implication that the 5f becomes pro- 
gressively of lower energy, compared to the 6d level, as the atomic 
number increases, has been used as an aid in making the predictions. 
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The configurations beyond xenon, of the corresponding neutral 
rare-earth elements are given for comparison. The ground states 
given for cerium and praseodymium are those predicted"’" on the 
basis of the recently determined ground states of the singly ionized 
atoms," and that of element 61 is obtained by interpolation; conse- 
quently, these are subject to some doubt. The ground states given for 
neodymium,'" samarium, europium, and gadolinium are those spec- 
troscopically determined" for the neutral atoms and should be con- 
sidered as well established. 


Table 5 — Suggested Electron Configurations (beyond Radon and Xenon) for Gaseous 
Atoms of Actinide and Lanthanide Elements 


Atomic 

no. 

Element 

Configuration 

Atomic 

no. 

Element 

Configuration 

89 

Ac 

6d7s* 

57 

La 

5d6s> 

90 

Th 

6d>7s’ (or 5£6d7s*) 

58 

Ce 

4f6s* 

91 

Pa 

5f®6d7s* (or 5f6d’7s*) 

59 

Pr 

4f>6s* 

92 

U 

5f>6d7s* 

60 

Nd 

4f«6s* 

93 

Np 

5£»7s» (or 5f*6d7.s*) 

61 

Pm 

4f*6s> 

94 

Pu 

5f*7s’ (or 5f*6d7s*) 

62 

Sm 

4f*8s* 

95 

Am 

5r7s* 

63 

Eu 

4f6s* 

96 

Cm 

5r6d7s* 

64 

Gd 

4I’5d6s* 


It should be emphasized that it would be entirely consistent from 
the point of view that we are dealing here with a series of actinide 
elements if it should eventually be found that there are no 5f elec- 
trons present in thorium (or protactinium). It is quite possible, on the 
basis of present evidence, that protactinium, or even uranium, may 
be the first to have 5f electrons. It seems very likely, however, that 
electrons will be placed in the 5f shell earlier in the series than ura- 
nium and that protactinium will have at least one such electron. An 
essential point is that curium definitely seems to have seven 5f elec- 
trons, and element 103 probably would have fourteen 5f electrons. 

In the case of some of the elements in the series it may be difficult 
to assign electrons to the 5f or 6d shells, because the energy neces- 
sary for the shift from one shell to the other may be within the range 
of chemical binding energies. Many of the experimental facts already 
described, such as the ease of oxidation to higher states and the more 
complicated situation for the magnetic susceptibilities as compared 
to the rare-earth elements, point to lower binding and less electro- 
static shielding by outer electrons of 5f than of 4f electrons. This 
was to be expected, and the magnitude of these effects seems reason- 
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able. The electronic configuration may differ from compound to 
compound or even with the physical state of a given compound. More- 
over, one certainly can not be sure that the configuration of the gas - 
eous atom, for example, will correspond to that of the compounds or 
of the hydrated Ions in solution. In the case of the lanthanides, in 
fact, the configuration of the gaseous atom has in general only two 
electrons (beyond the xenon structure) outside the 4f shell, although 
the predominant oxidation state is certainly the III state. Since the 
energy difference between such far-outlying levels as the 51 and 6d 
shells is rather small, and since resonance effects should be rather 
large, these may predominate in determining that a composite energy 
level lies lowest. Thus some of these elements may possibly consti- 
tute what might more properly be called a 5f -6d range in this series 
rather than being considered as part of a totally 51 transition group. 

The evidence that has accumulated so far seems, nevertheless, to 
point to lower energies for the 5f levels, as compared to the 6d levels, 
for the compounds of the element, as early as uranium in this series. 
It is in the case of the elements thorium and protactinium that the 
relative energy positions of these levels are as yet most uncertain. 
As in the other transition series, the relative energy level of the 
shell that is undergoing the filling process becomes lower as the suc- 
cessive electrons are added, and by the time americium and curium, 
and presumably the subsequent members of the series, are reached, 
the 5f shell seems clearly to be of lower energy than the 6d shell. 
Also, it is not yet possible to place the electrons in neptunium and 
plutonium with confidence, and hence in Table 5 alternative struc- 
tures fur gaseous neptunium and plutonium are suggested. It seems 
quite possible, for those elements in which the energies are so nearly 
equal, that the 5f as well as the 6d and outer orbits may be involved 
in the chemical binding in some compounds and complex ions, an 
interesting possibility for a new type of bonding. 

Figure 3 is an extremely rough and qualitative pictorial represen- 
tation of the binding energy of the most easily removable 5f and 6d 
electron (of those present) for each of the heaviest elements. A rough 
representation such as this can be justified only if it helps somewhat 
in the understanding of the situation. It is hoped that such is the case. 

3.2 Possible Deductions without Data on Transuranium Elements . 
Although it is the information on the transuranium elements that has 
been decisive in enabling us to come to the present view concerning 
the electronic structure of, or, more properly speaking, the best posi- 
tion in the periodic table for, the heaviest elements, it is interesting 
to conjecture, in retrospect, whether it would have been possible to 
arrive at a similar conclusion without this information. Actually 
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there has been much information about actinium, thorium, protactin- 
ium, and uranium, especially about the latter, which pointed in this 
direction. As mentioned above, there is the similarity among the 
metals of these elements with respect to electropositive character. 
In addition the melting point of uranium metal seems to relate it more 
closely to the immediately preceding elements than to tungsten and 
molybdenum. The analogy of uranium to neodymium with respect to 
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Fig. 3 — Qualitative representation of electronic bi.iding energies in the heaviest ele- 
ments. 


light absorption by the tripositive ions and the spectroscopic evidence 
for a ground state of the gaseous uranium atom involving three 5f 
electrons has already been mentioned. 

Uranium differs considerably from tungsten and molybdenum in 
the chemistry of the lower oxidation states. Uranium(III) has great 
similarity to the tripositive rare-earth elements and actinium, and 
uranium{IV) resembles thorium and cerium(IV). Thus uranium(III) 
and uranium(IV) are not acidic in character; they do not tend, like 
tungsten and molybdenum, to form such exceedingly strong complex 
ions in solution; they have fluorides that are insoluble and isomor- 
phous with the fluorides of the rare-earth elements; and they have 
other halides with crystal structures that are in general isomorphous 
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with the corresponding rare-earth halides. On the other hand, tung- 
sten(III) and tungsten(IV) exist in aqueous solution predominantly as 
strong complex ions; for example, tungsten(III) has a strong chloride 
complex ion, and tungsten(I\r) forms strong fluoride and cyanide com- 
plex ions. In this connection Thompson”” has pointed out that tung- 
sten (IV) forms the very stable complex ion W(CN),~” with the stable 
configuration of eighteen outer electrons, but uranium(IV) possesses 
no significant tendency to form an analogous complex cyanide ion, as 
would probably be expected if uranium possessed the same outer 
electronic structure as tungsten. 

Although molybdenum dioxide and tungsten dioxide have isomor- 
phous crystal structures, tungsten dioxide and uranium dioxide do not, 
but uranium dioxide, thorium dioxide, and cerium dioxide do have 
Isomorphous structures. It is interesting to note that although ura- 
nium is not associated with tungsten in minerals, uranium and tho- 
rium minerals practically always have the rare-earth elements as- 
sociated with them, and the rare-earth minerals practically always 
contain uranium or thorium. 

Arguments on the basis of the scanty evidence from the chemical 
properties of thorium and uranium alone have been given by others, 
including Villar*” and, more recently, Stedman,”” for a 5f-type transi- 
tion series in the heaviest elements, beginning with thorium. 

3.3 Position in Periodic Table and Nomenclature . Soon after the 
establishment of the concept of atomic number, the rare-earth ele- 
ments could be properly fitted into the classification of the elements, 
and the periodic table took its present form. There is general agree- 
ment as to the various groups and subgroups, with differences only in 
regard to the best geometrical arrangements for presenting the in- 
formation. Thus even the undiscovered elements with atomic numbers 
within the confines of this classification had their places fixed, and, 
when they were discovered, no reasons were found to change their 
positions. However, this is not the situation with respect to the trans- 
uranium elements, whose positions could only be fixed after experi- 
mental determination of their properties. Their positions, in turn, 
apparently influence the positions of elements that had been given 
places previously. 

Since this seems to present a new problem, it is necessary to con- 
sider carefully the facts that have given rise to the present classifi- 
cation in order to try to find the traditional criteria for placement in 
the periodic table to apply to the elements now under consideration. 
The chemical properties, especially in aqueous solution, have been 
important criteria. Thus, the rare-earth elements assumed a posi- 
tion by virtue of their predominant trivalency in aqueous solution, a 
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property that Is not deducible from the electronic structure of their 
atomic ground states. However, the spectroscopic data have deter- 
mined the general regions of the transition series, where the 3d, 4d, 
5d, and 4f shells undergo filling, and seem to have influenced the 
practice of uninterrupted placing of the transition elements in sub- 
groups. (That is, all ten 3d transition elements from jiSc to jgZn are 
usually in uninterrupted subgroups, and the same holds true for the 
4d, 5d, and 4f transition series.) 

With such criteria the best method of presenting the actinide ele- 
ments in the periodic table seems to be that shown in Fig. 4. Here 
are shown the fourteen elements of atomic numbers 90 to 103, inclu- 
sive, with actinium, element 89, as the prototype. These fourteen 
elements are listed as a series below, and in a manner similar to, 
the common listing of the fourteen rare-earth elements of atomic 
numbers 58 to 71, inclusive, for which lanthanum, element 57, is the 
prototype. It is not suggested that this particular form of the periodic 
table has any more merit than any of a number of others that place 
these elements in positions homologous to the rare-earth elements, 
because it is obvious that they can be analogously placed in a number 
of other types of tables or charts. The elements 90 to 96, inclusive, 
or the first few of them, could in addition be listed separately below 
the 5d elements in recognition of the resemblance of the first few of 
these to 5d elements. This appears to be undesirable, however, be- 
cause the last members of this group bear no such resemblance, and 
it is probably impossible to draw a line as to just where the resem- 
blance ends. 

Since the suggestion” that the information on the transuranium 
elements appeared to have reached such a state as to make it possi- 
ble to place the heaviest elements in definite positions in the periodic 
table (as an actinide transition series), a number of publications”*'”'' 
commenting on this proposal have appeared. These in general agree 
with the suggestion, although in some cases the reasons therefor 
differ and in others there is an understandable expression of desire 
to see more of the evidence in detail. A number of different periodic 
tables In which these elements have been placed as actinides homolo- 
gous to the lanthanides have been published recently.”*'*”” 

As mentioned above, a very important point is the presence of seven 
5f electrons in stable tripositive curium (element 96), making this 
element very actinium -like. A series of thoride elements, for ex- 
ample, would imply stable IV oxidation states in elements 95 and 96 
and the presence of seven 5f electrcms and the IV state almost ex- 
clusively in element 97. A series of this type seems to be ruled out 
by the now -known instability of americium in solution in the IV state 
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and by the apparent nonexistence in aqueous solution of any oxidation 
state other than III in curium. Moreover, the III state of uranium 
would be surprising on this basis, because this element would be the 
second member of a thoride, or “IV oxidation state," series. The fact 
that nearly a year was spent in an unsuccessful effort to separate 
tracer amounts of americium and curium from the rare earths, im* 
mediately following the discovery of these two elements, illustrates 
how unnatural it would be to regard them as members of a thoride, or 
IV oxidation state, group. 

The group probably could have been described just as well by some 
other term, such as “curide series," rather than “actinide," which 
is derived by analogy with the term “lanthanide." Another possi- 
bility would be to use a term such as “type 51 rare earths" or another 
name analogous to rare earths. A possibility here might be “syn- 
thetic earths" in view of the synthetic source of all except the first 
three members. [The best source of actinium is synthetic; actinium 
comes from pile neutrons by the reactions Ra“®(n,y)Ra*” — 2I^Ac“’'.] 
Irrespective of the name that usage will finally assign to this group 
of elements, however, it seems that the outstanding characteristics 
of the group, namely, the ekagadolinium character of curium (and the 
presumed ekalutecium character of element 103), together with the 
regularly increasing trend toward actinium -like character in going 
from thorium to curium, are best represented by listing these ele- 
ments in corresponding positions under the rare-earth elements if it 
is desirable to give each element only one place in the periodic table. 

3.4 Pr edicted Properties of Transcurium Elements . There has 
been a great deal of speculation concerning the upper limit of atomic 
number for the existence of elements, consideration being given to 
the fact that such a limit might arise from either atomic or nuclear 
(radioactivity or spontaneous fission) instability. If the former is not 
the limiting factor, it appears likely, on the basis of extrapolation 
from the nuclear properties of the heaviest elements, that the first 
few elements above element 96 will have isotopes of sufficiently long 
life to make possible their investigation at least on the tracer scale, 
if the problem of their production in detectable amount should be 
solved. 

It Is interesting to speculate about the chemical properties of these 
undiscovered elements beyond curium. The seven elements immedi- 
ately following, that is, elements 97 to 103, Inclusive, should con- 
stitute the second half of this rare -earth -like transition group. It 
appears likely that the electrons added in proceeding up this series 
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will be placed in a 5f shell of definitely lower energy than the 6d 
shell. Element 97 will probably have a IV as well as a m oxidation 
state, and in view of the lower binding energy of the 5f as compared 
to the 4f electrons It might be easier to oxidize element 97 (eka- 
terbium) to this IV state than is the case for terbium since the hy- 
dration and lattice energies do not appear to reverse the simple 
prediction for oxidation potentials from ionization potentials in these 
elements. Correspondingly, it should be easier to oxidize element 98 
(ekadysprosium) to the IV and V oxidation states than is the case for 
dysprosium, for which oxidation above the III state is practically im- 
possible. Toward the end of the series, elements 102 and 101 should 
be capable of being reduced to the n oxidation state, which would be 
analogous to the reduction of ytterbium and thulium, and element 103 
should be similar to lutecium with respect to the complete stability 
of the m state. 

Element 104 should continue with the filling of the 6d shell and be 
a true ekahafnium. After the filling of the 6d shell in the following 
elements there would be addition to the 7p shell, with the attainment 
of the rare -gas structure at hypothetical element 118 (on the logical 
assumption that the 5g shell does not start to fill before this point). 

4. SUMMARY 

All available evidence leads to the view that the 5f -electron shell 
is being filled in the heaviest elements, giving rise to a transition 
series. This transition series begins formally with actinium in the 
same sense that the rare-earth or “lanthanide" series begins with 
lanthanum. Such an “actinide" series is suggested on the basis of the 
following evidence: (1) chemical properties, (2) absorption spectra in 
aqueous solution and crystals, (3) crystallographic structure data, 
(4) magnetic susceptibility data, and (5) spectroscopic data. This 
series differs from the rare-earth series in having more oxidation 
states above the m state, and it differs in other ways that are con- 
nected with the lower binding of 5f compared to 4f electrons. The 
salient point is that the characteristic oxidation state is the ni state, 
and the group is placed in the periodic table on this basis. (The 
characteristic oxidation state is exhibited by the member containing 
seven 5f electrons and presumably also by the member containing 
fourteen 5f electrons, curium and element 103.) The data also make 
it possible to give a suggested table of electronic configurations of 
the ground state of the gaseous atom for each of the elements from 
actinium to curium, inclusive. 
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APPENODCt 

Plutonium is the eighth element in the seventh period of the periodic 
table. The correlation of its chemical properties with its atomic 
structure can best be accomplished by considering it together with a 
number of the other elements in the seventh period (elements 89 to 94) 
in a discussion involving the chemical and physical properties of 
these elements. 

It seems very probable that some kind of a transition group should 
begin in the neighborhood of these elements. The elements 90 to 94 
lie in corresponding positions just below the sixth -period transition 
elements hafnium to osmium (atomic numbers 72 to 76), in which the 
5d shell is being filled. The transition elements hafnium to osmium 
are very similar in their chemical properties to the corresponding 
4d transition elements of the fifth period (zirconium to ruthenium, 
atomic numbers 40 to 44). Although the first members (goTh, g^Pu) of 
the group 90 to 94 show a great deal of resemblance in chemical 
properties to the first members (^gHf , TgTa) in the 5d transition series 
and to the first members (ggZr, g^Cb) in the 4d transition series, the 
later members (pgNp, ggPu) show practically no resemblance to .„Re 
and .,gOs or to element 43 and ggRu. Neptimium and plutonium are 
much more electropositive in character than the noble elements rhe- 
nium, element 43, osmium, and ruthenium. There is no evidence for 
a volatile plutonium tetroxide in contrast with the volatile osmium and 
ruthenium tetroxides, and there is no evidence for an oxidation num- 
ber of Vni in plutonium. Thus it seems certain that the transition in 
the elements 89 to 94 does not involve the simple filling in of the 6d 
shell. 

On the other hand, the chemical properties of neptunium and pluto- 
nium are very similar to those of uranium and thorium and are such 
as to suggest that the 5f shell is being filled and that we are dealing 
with another rare-earth series similar to the well-known lanthanide 
series, g,Ce-,,Lu, in which the 4f shell becomes filled. Many people 
had suggested, on the basis of considerations of electronic structure, 
that a rare-earth-like series should begin in this region. There has 
been a large degree of uncertainty in these predictions with regard to 
the starting point of this series. The two principal choices have been 


tThls appendix is reproduced from Metallurgical Laboratory Memorandum MUC- 
CTS-85B duly 17,1944) and Metallurgical Project Report CK -1968, pp. 55-57 (July 17, 
1944). 
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between a thoride and a uranide series. From the standpoint of the 
chemical properties of g^Th, gjPa, and ggU considered alone, the evi- 
dence for such a series was not strong. However, with the discovery 
of neptunium and plutonium and the observation of the marked simi- 
larity of these elements to uranium and thorium in chemical proper- 
ties, the chemical evidence for a rare -earth -like series has become 
very strong. 

The persistence of the IV oxidation state through the elements 
thorium, uranium, neptunium, and plutonium is certainly good evi- 
dence that electrons are going into the 5f shell. The observation by 
Zachariasen of the isomorphism of the compounds ThOg, UOg, NpOg, 
and PuOg and his observation of the regular decrease in radius of the 
metallic ion in these oxides in the anticipated manner are also very 
good evidence that the electrons are going into the 5f shell. A num- 
ber of other crystallographic observations by Zachariasen lend sup- 
port to this view. There are other points of evidence, for example 

(1) magnetic susceptibility measurements on uranium and plutonium, 

(2) the sharpness of the optical absorption in aqueous solutions of 
uranium and plutonium, and (3) evidence for organic complexes of 

and Pu*^ in which these elements have a coordination number of 
8 (indicating that the 6d, 7s, and 7p orbitals are available), which facts 
also give strong support to this conclusion. It seems very probable 
from these lines of evidence that uranium and plutonium (and neptu- 
nium) have electrons in the 5f shell; however, it is not possible to 
deduce whether or not uranium is the first element in the series for 
which this is the case. It would be consistent with this evidence for 
thorium and protactinium to have no electrons in the 5f shell and for 
uranium to have two electrons in this shell. 

An attractive hypothesis is that this rare -earth -like series begins 
with actinium in the same sense that the lanthanide series begins with 
lanthanum. On this basis it may be termed the “actinide series,” and 
the first 5f electron may appear in thorium. Thus, the ground state 
of thorium may have the structure 5f^6d7s^ beyond the radon core. 
With an actinide series, uranium may have the electron configura- 
tion 51^d7s‘, neptunium the configuration 5f^6d7s‘, and plutonium 
the configuration 5f*6d7s^. It is very interesting to note that Kless, 
Humphreys, and Laun''^ give a preliminary description of the analysis 
of the spectrum of neutr 2 d uranium atoms and come to the conclu- 
sion that the electron configuration of the lowest state of uranium is 
5f’6d7s‘ (with the term symbol *L,), which supports the above view. 

It may be that, as in the lanthanide series, electrons do not tend to 
occupy the 6d orbital; rather, an additional electron goes into a 5f 
orbital and gives, for example, the configuration 5f‘7s‘ for thorium 
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and the configuration 5f*7s^ for uranium. There is evidence that tho- 
rium emits a complex spectrum corresponding to a rare earth with 
an electron structure like that of ^Ce, whose ground state is known to 
have the configuration 4f^6s^,and that uranium has a spectrum similar 
to that of the rare-earth element ggNd, whose ground state is known 
to have the configuration 4f^6s^. 

It may be, of course, that there are no 5f electrons In thorium and 
protactinium and that the entry into a rare -earth -like series begins 
at uranium, with three electrons in the 5f shell. It would still seem 
logical to refer to this as an actinide series. 

In an actinide series it may seem rather peculiar at first sight that 
the persistent oxidation number of IV should be in this region. The 
IV oxidation state seems to be most prevalent and generally mos.t 
stable among these elements. However, as referred to above, in the 
lanthanide series there are usually only two electrons present in 
the 5d and 6s shells, whereas the persistent oxidation state is cer- 
tainly m. This generally involves the removal of a 4f electron. There 
are also a number of cases in the lanthanide series where the oxida- 
tion number IV is found. In the “actinide" series, although the oxida- 
tion number IV is perhaps prevalent, the oxidation number ni seems 
also to be found in most of the members of the series. Zachariasen 
has recently reported crystallographic evidence for tripositive tho- 
rium compounds (ThF, and ThOF), although magnetochemical experi- 
ments by Selwood have failed to confirm this report. 

There is one way in which the actinide series definitely differs 
from the lanthanide series. This is in the existence of oxidation states 
higher than IV [protactlnium(V), uranium(VI), neptunium(VI), pluto- 
nium(VI)] in the series. It must be concluded that the 5f electrons are 
not so tightly bound as the 4f electrons. This is certainly reasonable. 
However, the evidence so far is in favor of a maximum oxidation 
number of VI in this series, so that the removal of three electrons, 
or four if there are no electrons in the 6d orbitals, from the 5f orbi- 
tals is the maximum that occurs in ordinary chemical reactions. 

It is interesting to speculate a little about the chemical properties 
of the series members which we have not yet had an opportunity to 
study. The element g^Pa is obviously interesting to study from a 
chemical and crystallographic point of view in order to throw further 
light on the situation. It seems very likely that this element will have 
oxidation states of IV and in in addition to the V state, and probably 
at least the IV state will have a reasonable amount of stability. It 
seems almost certain, also, that neptunium will have an oxidation 
state of m, intermediate in stability between U"*"® and Pu**. If the 
picture of the actinide series is correct, the configuration Sf'Gd'Ts® 
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may be reached with element 96 (similar to the configuration of s 4 Gd); 
this configuration should be especially stable. The prediction may be 
made that with element 96 it will be very difficult, if not impossible, 
to reach any oxidation states above m or IV. In the case of element 
95 the configuration Sf^Ts^, similar to gjEu, may be possible, and it 
may be expected that the oxidation state n will exist. Oxidation states 
higher than IV may also be difficult or Impossible to reach in the 
ease of element 95. There already seems to be some evidence for a 
trend toward greater stability for the lower oxidation states in the 
members of the series that have been studied so far. Thus, in going 
from uranium to plutonium, there seems to be a trend toward greater 
stability of the in oxidation state and greater difficulty in reaching the 
VI state. If the series is truly a thoride or a uranide series, the most 
stable lower oxidation states will occur at elements beyond 95 and 96; 
however, even in this event some tendency may be expected in this 
direction at elements 95 and 96. It would obviously be of great in- 
terest and value in elucidating the nature of this series to study the 
chemical properties of elements such as 95 and 96. 
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Paper 22.1 


THE NEW ELEMENT AMERICIUM (ATOMIC NUMBER 95)T 
By G. T. Seaborg, R. A. James, and L. O. Morgan 


1. INTRODUCTION 

Isotopes of the element with atomic number 95 have been produced 
and identified in experiments carried out with material activated in 
the 60 -in. cyclotron of the University of California. The target ma- 
terials that have been successfully used in the production of these 
Isotopes are U**®, Np®*’, and Pu®*®. The helium -ion bombardment of 
U®®® leads to the formation of plutonium Isotopes of mass numbers 
236 to 241, of which Pu®*®, Pu®*®, and Pu®*® are known to be ^ stable. 
Pu®®^ is shown in this work to be unstable toward the emission of 
p particles, leading to the production of 95®®‘. The helium-ion bom- 
bardment of Np®®’' and the deuteron bombardment of Pu®®® are capable 
of forming Isotopes of element 95 directly, the expected mass num- 
bers being 235 to 240. 

At the beginning, in the search for activities due to isotopes of ele- 
ment 95 it was assumed that the chemical properties would be similar 
to those of the lanthanide elements in the tripositive ondation state. 
It has been pointed out^ that the chemical properties of the elements 
following actinium (element 89) in the periodic system may be ex- 
plained on the assumption that they constitute a rare -earth -like series 
(actinide series) in which the 5f shell of electrons is in the process 
of completion. On this basis it was predicted that the increasing sta- 
bility of the tripositive state of the actinide elements should culminate 
in very stable tripositive states in elements 95 and 96. 


tContrlbutlon from the Department of Chemistry and the Radiation Laboratory, 
University of California, Berkeley, and from the Chemistry Division of the Metallur- 
gical Laboratory, University of Chicago, now the Argonne National Laboratory. 
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The first positive evidence for the existence of element 95 was 
found in the late fall of 1944 in the form of nuclear and chemical data 
pertaining to the isotope 95^*‘. It is suggested that the new element 
be named '‘americium,’’ in honor of the Americas, and have the 
symbol “Am.” This name is based on the strong analogy between 
element 95 and europium, Eu, named after Europe, of the lanthanide - 
rare-earth series. 


2. Am**' AND RELATED ISOTOPES 

2.1 Helium -ion Bombardment of Uranium, in which the iso- 

topic content of U“® was reduced by the electromagnetic process,* 
was bombarded in the 60 -in. cyclotron at Berkeley with helium ions 
of approximately 38 mev energy. Such bombardments are discu.ssed 
in more detail in another paper.® The activated metallic uranium was 
milled from the target plates in layers that are about 100 mg/sq cm. 
Each of the layers was processed separately to yield radiochemically 
pure plutonium fractions. Standard a - and /3 -particle measurements 
with the purified plutonium samples revealed the presence of no radi- 
ations except those which could be accounted for on the basis of the 
radiations from previously known plutonium isotopes. Investigation of 
the very low-energy fi spectrum, however, indicated the presence of 
/3 particles with approximately 20 kev maximum energy. The meas- 
urements were made in an apparatus designed by Raynor,* in which 
window and gas absorption of the particles to be counted is reduced 
to approximately 300 jug/ sq cm. In this case provision was made for 
absorption measurements using a limited number of absorbers made 
from thin calibrated films of cellulose nitrate. The ^ -particle range 
was estimated visually on a semilogarithmic plot of the counting data 
to be 600 to 800 tig/sq cm, which corresponds to 20 kev maximum 
energy as obtained from the range-energy data of Schonland® for low- 
energy electrons. Absorption curves for the 20-kev /3 -particle com- 
ponent of the plutonium activities from the first and third layers of 
the activated uranium target are given in Fig. 1, in which |9 -particle 
intensities are normalized to the Pu®®® a -particle activities in each 
sample. Thus, the lower intensities shown for the first layer indicate 
that the yield of the isotope responsible for the /3 -particle activity 
increases relative to the yield of Pu^®® as the depth of penetration of 
the helium ion increases. From the data compiled by Livingston and 
Bethe* on the relative stopping power of various elements for helium 
ions, the maximum energy of the Ions in the first and third uranium 
layers was calculated to be 38 mev and 28 mev, respectively. At the 
lower energy, the ratio of yields, ((](,< 3n) to (a,3n), should be greater 
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Fift. 1 — Cellulose nitrate absorption curves for iJ-particle activity due to Pu‘*' in the 
first (I) and third (III) 100 mg/ sq cm layers of a helium -ion -bombarded uranium target. 


than at a higher energy. On this basis, the decrease in 20-kev 
particle activity relative to a -particle activity is an indication 
that it is due to an isotope resulting from' the (Oin) or (o!,2n) reaction 

U”®(o,n)Pu®** 

U®®*(o,2n)Pu®*'’ 

Of these, Pu”‘, with an odd number of neutrons, is the most probable 
source of 0 -particle activity. 




1528 


THE TRANSURANIUM ELEMENTS 


An estimate of the half life for -particle emission may be 

made with the following observations: 

1. The /3 activity of curve I, Fig. 1, extrapolated to zero absorption 
as shown, is 1,550 counts per minute. 

2. In the same sample and at the same counting geometry there are 
54 counts per minute of nr particles due to Pu^’*. 

3. The half life for a -particle emission of Pu^^” is 24,300 years. 

4. The yield from the (a,n) reaction relative to that from the (a,3n) 
reaction is usually approximately 0.01 in the 3 8 -mev helium -ion bom- 
bardment of heavy isotopes. 

From these considerations the half life of Pu^*' for 0 -particle 
emission is approximately 10 years. 

The rare-earth fraction from a similarly activated uranium sample 
contained an a -particle activity (energy of 5.45 mev) of long half life. 
Numerous tracer chemical experiments that were carried out with 
such activity are reported in another paper.'' The evidence obtained 
shows conclusively that the activity is due to a previously unknown 
element. The occurrence of relatively energetic a -particle emission 
in a rare-earth fraction (lanthanum fluoride carryable) may be con- 
sidered sufficient evidence, of itself, for the presence of an isotope 
of a rare -earth -like heavy element, since a -particle radioactivity is 
an extremely rare property in isotopes of atomic number less than 
82. The direct formation of americium isotopes by the helium -ion 
bombardment of is not possible; therefore, the presence of the 
Of -particle activity must be considered evidence for the formation of 
Am^*‘ as the product of /I -particle emission by Pu^*'. 

Several samples known to contain appreciable amounts of Pu”^ 
were carefully purified to remove all traces of rare-earth and rare- 
earth-like radioactive substances, then were allowed to stand for long 
periods of time. When rare-earth fractions were again removed from 
the samples, the a activity previously observed was again found, 
having grown into the samples from the plutonium source. Standard 
samples of the previously known plutonium isotopes were treated in a 
similar manner, but failed to yield a comparable a activity. Samples 
of the a activity were removed again and again from the plutonium 
samples, resulting in the following observations: 

1. The rate of formation of the a -particle activity was constant 
over a period of several years, owing to the long half life of the par- 
ent isotope. 

2. The yield from a given sample was a linear function of the time 
allowed for growth. 
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3. The amoxmt of growth In similar periods of time was directly 
dependent upon the intensity of 20-kev 0 particles, i.e., the amount of 
in the plutonium samples. 

This evidence proves that the a activity Is due to Am^*^ arising 
from the 0 -particle emission of Pu^*'. 

Several samples of Am^** were Irradiated with thermal neutrons 
over a long period of time. The principal product observed was an 
isotope of curium* (element 96), Cm*^, as determined by the half life 
(approximately five months) and the a -particle energy (6.1 mev). 
Separation of the curium and americium activities was later achieved 
by the use of a Nalcite (Dowex-50) resin column with selective elution 
in ammonium citrate solution.* The Cm*^ was formed by the reaction 

Am*^*(n,')')Am®“ 

followed by rapid negative ^-particle decay of Am^*^. In a later irra- 
diation carried out in the Argonne heavy-water pile. Manning and 
Asprey^” detected the p particles from Am^^ and found the half life to 
be approximately 16 hr. They also demonstrated the growth of Cm*** 
a activity corresponding to the same 16 -hr half life. A further dis- 
cussion of Am*** is given in the next section. 

All the experiments with the 5.45 -mev a activity are consistent 
with its assignment to Am**^ The isotope results from the p decay of 
Pu**'; thermal -neutron irradiation of the material results in the for- 
mation of a ^-active Isotope, which decays to Cm***, which in turn 
decays to Pu***, a well-known isotope of plutonium. 

Samples of plutonium analogous to those in which An^** growth was 
observed were processed to yield radiochemically pure uranium 
fractions by an oxidation -reduction method employing nitric acid oxi- 
dation of uranium in sulfuric acid solution, precipitation of PuF^ and 
carrier LaF, , then titanous chloride reduction and LaFj precipitation 
to remove uranium as uranium(IV) from the solution. The uranium 
fractions were found to contain a p activity of 6.8-day half life, corre- 
sponding to U*”, which could be formed as a result of a decay of 
Pu**\ The yield of the activity that was present in the plutonium at 
its equilibrium value was compared with the yield of Am?*^ from the 
same plutonium sample to give a value for the branching ratio of 
Pu**^ (number of a disintegrations per p disintegration) of approxi- 
mately 2 X 10"*. 

2.2 Chemical Properties of Americium . A large number of tracer 
chemical experiments were carried out with the 5.45 -mev a activity 
and are described in detail in another paper.'' It is of considerable 
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interest, however, that the unique chemical nature of americium may 
be shown by consideration of a relatively few experiments. 

1. The activity coprecipitates with the rare-earth fluorides from 
strongly oxidizing solutions, such as O.IM KjCr^O, in IM HNO3 solu- 
tion, and Ag'*"*' with (NHflgSPg in 2M HNO3 solution. Those elements, 
without regard to the plausibility of their formation in the nuclear 
processes described, which are not eliminated from consideration on 
the basis of this, are scandium, yttrium, indium, lanthanum, the rare- 
earth elements, actinium, thorium, and possibly protactinium and 
thallium. 

2. Among the more logical possible a -particle emitters to be con- 
sidered, we may eliminate thallium, lead, bismuth, and polonium be- 
cause of the fact that the activity does not coprecipitate with bismuth 
sulfide from 0.25N HCl solution. 

3. Thorium peroxide does not carry the activity under conditions 
in which thorium precipitates quantitatively. This fact eliminates 
thorium. 

4. Actinium tracer activity and the activity in question may be 
fractionated by coprecipitation with zirconium or ceric iodate from 
0.035M potassium iodate -IN HNO, solution. The actinium tracer is 
carried to a greater extent. 

5. The activity may be separated from tracer or macro amounts of 
the rare -earth elements by the precipitation of a lanthanum compound 
of tmdetermined composition from IM ammonium fluosilicate - 5M 
HNO3 solution. The a activity remains largely in solution, but the 
rare-earth elements are almost completely precipitated under these 
conditions . 

6. The activity may be separated from curium activity by selective 
elution with ammonium citrate solution from columns of resin, such 
as Amberlite IR-1, or Nalcite (Dowex-50). Curium is removed more 
easily. 

This chemical evidence, together with the nuclear evidence pre- 
viously given, establishes beyond any reasonable doubt that the ac- 
tivity is due to an actinium-like transplutonium element, l.e., to 
americium. 

2.3 Nuclear Radiations of Am^*‘ . The disintegration of Am*** is 
accompanied by the emission of a particles and some associated 
electromagnetic radiation. The energy of the or particles has been 
measured by two methods: (1) absorption in thin mica sheets of known 
thickness and (2) differential analysis, by electronic means, of the 
pulses produced by the a particles in an ionization chamber '^(Fig. 2). 
In botii methods the energy was obtained from direct comparison with 
standard samples of other a activities of known energies. The values 
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CHANNEL 

Fig. 2 — Alpha-particle pulse-analysis curve for Am’*' and o -particle -energy determi- 
nation with Th”"(Io), At’“, and Po’" or -particle standards. 


from the two methods check closely at 5.45 ± 0.05 mev. In the mica- 
absorption method the observed value is in terms of the range in air, 
which is converted to energy in million electron volts by use of the 
range-energy relation given by Holloway and Livingston. 

Absorption measurements on the «lectromagnetic radiations are 
shown graphically in Figs. 3 to 5. The intensities shown are for a 
sample containing 10" disintegrations per minute of a -particle activ- 
ity. The apparatus used to detect the radiations was a bell -jar -type 
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Fig. 3 — Aiuminum absorption curve for electromagnetic radiation. A: observed 

absorption curve; B: y radiation; C: L x radiation (neptunium), half thickness « 69 to 
198 mg/sq cm aluminum (composite). 


Geiger counting tube, iVt in. in diameter and 2% in. in length. The 
window was of mica, approximately 3 mg/sq cm thick, and the body 
of the tube was copper. The tube was filled with a 90 per cent argon - 
10 per cent ethanol mixture to 10 cm Hg pressure. The anode was a 
5 -mil tungsten wire terminating in a small glass bead ^lein. from the 
mica window. Samples were counted in such a position as to have a 
10 per cent geometry factor. 

The electromagnetic radiations observed are seen to be of two 
classes: (1) a 62-kev component, the counting efficiency for which is 
about 0.5 per cent under the above conditions, and (2) a complex mix- 
ture of radiations apparently covering the range 10 to 20 kev, which 




THE NEW ELEMENT AMERICIUM 


1533 



Fig. 4 — Copper absorption curve for Am”* electromagnetic radiations. A: observed 
absorption curve; B: y radiation (62 kev), half thickness = 450 mg/sq cm copper, C. 
L X radiation (neptunium), half thickness = 7 to 22 mg/sq cm copper (composite). 


have approximately the absorption characteristics of neptunium L 
X radiation. The counting efficiency for the latter is not readily cal- 
culated, but is probably approximately 1.5 per cent under the above 
conditions. The aluminum absorption curve expected for the mixture 
of neptunium L x rays was constructed from an extrapolation of known 
L x-ray energies tabulated by Compton and Allison^® and the relative 
intensities given for uranium by Allison.^^ 

Using the counting efficiencies assumed In the above discussion, 
the nephmium L x rays are emitted in approximately 100 per cent of 
the a disintegrations, and the 62-kev y rays are emitted in approxi- 
mately 60 per cent. 
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Fig. S — Lead absorption curve for Am**' showing the 62-kev y radiation; half thick- 
ness = 140 mg/sq cm lead; 62 or 106 kev. 


Internal conversion of a y ray whose energy is insufficient to excite 
the K electrons (binding energy approximately 120 kev) may take 
place in the L shell where the binding energy is much less (approxi- 
mately 24 kev) if enough energy is available. The subsequent occu- 
pation of the vacant L electron state by another electron is accom- 
panied by the characteristic L x radiation of the product element. 
The energy of the electrons in the case of the conversion of 62-kev 
Y rays is about 35 kev. Such electrons are not energetic enough to 
pass through the 3 mg/sq cm mica window of the Geiger tube de- 
scribed above and would not have been detected. 

The half life of Am^*^ has been determined by Cunningham'* to be 
510 ± 20 years. The value is based on specific -activity measurements 
carried out on the ultramlcrochemical scale. 
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3, NUCLEAR PROPERTIES OF Am*" 

The production of Am^^by the thermal -neutron Irradiation of Am**^ 
has been mentioned in Sec. 2. The existence of the isotope was first 
indicated by the formation of an isotope of curium (atomic number 96), 
under conditions expected to result in the formation of Am^", 
i.e.,the radiative capture of thermal neutrons in Am^^^ The emission 
from Am^^ of negative 3 particles with a half life short compared to 
the total time of irradiation results in the observation given above. 
The first detection and half-life measurement of the actual process 
of /3 -particle decay of Am^^ was achieved by Manning and Asprey in 
samples investigated soon after termination of irradiation in the 
Argonne pile.^° A decay curve obtained in recent experiments at 
this laboratory is given in Fig. 6 for the Am^^ l:i particles. A long- 
lived background activity is present owing to the electromagnetic 
radiations from Am^^^ and the radiations arising in a long-lived iso- 
mer of Am^^ to be described later. The predominant activity due to 
17 -hr Am^^ consists of the ^ particles whose aluminum absorption 
characteristics are shown graphically in Fig. 7. 

A sample of thermal -neutron -activated Am^^^ was carefully purified 
and allowed to stand for several months. At the time of purification 
the 17 -hr Am?" should have disappeared completely from the sample. 
A combined plutonium and neptunium fraction was then removed from 
the sample and purified by oxidation -reduction cycles. Samples of 
the neptunium -plutonium fraction were observed to contain -particle 
active material that decayed with a 2.0-day half life. The aluminum 
absorption characteristics of the 0 particles were entirely consistent 
with those of Np^^® (see reference 16) whose half life is 2.0 days 
(Fig. 0). 

Np238 ^ ''shielded'* isotope in the sense that it is not produced by 

either negative 0 -particle emission or by orbital -electron capture, 
the hypothetical parents of Np*^® by these processes being Pu*®® and 
U®®®, respectively. Each of these is stable with reference to the proc- 
ess by which it would produce Np^®®. Since the Np2®®was observed to 
grow in the irradiated americium sample, a long-lived Am®" that 
decays by the emission of a particles must be responsible 

Np?“ 

After allowing time for restoration of the Am®“-Np*“ equilibrium, 
a second separation was made in which the results were the same as 
in the first. The 2.0-day half life of Np^’* is evidently short compared 
to that of the long-lived Am^^, and the equilibrium value of the Np^^ 
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TIME-HOURS 

Fig. 6 — Decay curve obtained for the americium fraction from neutron-irradiated 
A: decay of activity measured through a 7 mg/sq cm aluminum filter; B: long- 
lived activity; C: decay of p particles of Am’*‘(t^ = 17 hr). 


activity is a measure of the a activity in Am’*’’ . If it is assumed, en- 
tirely for the sake of discussion with no thought that this need be 
true, that the cross section for the formation of the long-lived Am’*’ 
is the same as that for the 17 -hr isomer, the half life for a -particle 
emission is calculated to be approximately 3 x 10’ years on the basis 
of the observed Np’” activity. 
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FI;;. 7 — Aluminum absorption curve for the americium fraction from neutron-irra- 
diated Am**‘. A: observed absorption curve; B: components due to long-lived activity; 
C: 0 particles of Am’*’. Feather range, 280 mg/sq cm aluminum; about 0.8 mev maxi- 
mum energy. 


An aluminum absorption curve of the radiations from the old acti- 
vated americium sample reveals the presence of ^ particles of ap- 
proximately 0.5-mev maximum energy (Fig. 9). The other radiations 
in the sample are essentially those due to Am‘*^. In view of the ^ in- 
stability of the 17 -hr isomer of Am”*’, ^-particle emission in the 
long -lived isomer is not surprising. Again arbitrarily assuming equal 
cross sections for the formation of both isomers, the half life of the 
long-lived Am’*” for the emission of 0 particles is approximately 
600 years. This half life and that calculated for the emission of 
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Fig. 8 — AJiiminum absorption curve obtained for activity in the neptunium fraction 
removed from neutron- Irradiated Am^^J alter six months. The solid line is the ab- 
sorption curve for known 


« particles are directly proportional to the assumed cross section, 
and a reduction of the latter would decrease the calculated half lives. 

4. OTHER ISOTOPES OF AMERICIUM 

Americium isotopes of mass number equal to or less than 239 are 
expected to decay by the capture of orbital electrons since their nu- 
clei are deficient in neutrons. Am^^o, by virtue of its position close 
to the region of maximum stability, might decay either by the emis- 
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Fi^. 9 — Absorption curves for the long-lived,^ activity of Counting geometry, 

10 percent. A: aluminum absorption curve for,; and electromagnetic radiations in 
the americium fraction of neutron-irradiated Am^^i (alter several months). Visual 
range, about 150 mg/ sq cm aluminum, about 0.5 mev maximum energy. B: electro- 
magnetic components, due largely to Am^""; C: activity of Am^«^' (long-lived); D: 

beryllium absorption curve for /i and electromagnetic radiations in the americium 
fraction. 


Sion of negative j3 particles or by orbital -electron capture, or by both 
processes. Branching decay with a -particle emission is possible in 
any of the isotopes and may be found if the half lives of the competing 
processes are appropriate. 

4.1 Deuteron Bombardment of Pu^^^ Several targets of Pii“® were 
bombarded with 19 -mev deuterons in the 60 -in. cyclotron in order to 
produce americium Isotopes of mass numbers 237 to 240. The tar- 
gets were prepared by the evaporation of slurries of plutonium(IV) 
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fluoride on rectangular platinum plates of 1 sq cm area (Interceptor 
targets). After Ignition in air, the samples were placed in the target 
chamber of the cyclotron in such a way as to Intercept the most In- 
tense portion of the ion beam. As soon as possible after the end of 
the bombardment, the samples were dissolved and processed chemi- 
cally to yield rare-earth fractions by the successive precipitation of 
lanthanum(ni) fluoride carrier from strongly oxidizing solutions. The 
actinide elements were separated from lanthanide elements by the 
precipitation of lanthanum(III) from 3M IIN0,-1M H^iF, solution.^ 
Such precipitates are known to carry 90 per cent of rare-earth active 
substances and only 10 to 30 per cent of actinide active substances. 
Recovery of the actinides (in this case americium) was effected by 
the addition of sufficient concentrated hydrofluoric acid to precipitate 
the remaining lanthanum, which under these conditions carried the 
transplutonium activities. Cycles such as this were repeated until 
the activity had a constant composition with respect to all types of 
radiation and until the chemical yield per cycle was that expected of 
americium isotopes. 

Decay measurements were made under four sets of counting condl - 
tlons, using a thln-window (approximately 3 mg/sq cm mica) Geiger 
tube detector: 

1. 7 mg/sq cm aluminum filter, to prevent the detection of a par- 
ticles. 

2. 1,500 mg/sq cm beryllium filter, to allow passage of most elec- 
tromagnetic radiation, but stop all except the most energetic /3 par- 
ticles. 

3. 1,500 mg/sq cm beryllium + 150 mg/sq cm lead combined filter, 
to detect electromagnetic radiation of greater than about 200 kev 
energy, but not that of less than about 200 kev energy. 

4. 5 g/sq cm lead filter, to prevent detection of all but energetic 
y radiation. 

The difference in intensity observed under conditions 2 and 3 above, 
the differential count, was a measure of the low-energy electromag- 
netic radiation (probably x rays) . 

In rare-earth activities obtained in the thermal -neutron irradiation 
of uranium or plutonium, the activity measured by a differential 
count is only a few tenths per cent of the activity measured through 
7 mg/sq cm aluminum. The activity observed in the rare-earth frac- 
tions of deuteron -bombarded Pu*’* often gave a differential count as 
high as 1 per cent of the total. In general, this increased to 5 to 10 
per cent in the americium fractions resulting from the fluosilicate 
cycles. 
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TIME-HOURS 


Fig. 10 — Decay of p and electroma^etlc radiations In the americium fraction from 
deuteron -bombarded Pu'” measured through a 7 mg/sq cm aluminum filter. Counting 
geometry, 10 per cent. A: observed decay; D: 50-hr component; C: 12-hr component. 


Two hall-llie periods, 12 hr and 50 hr, respectively, were observed 
In the decay of the total activity and the activity measured by the dif- 
ferential count (Figs. 10 and 11). Only the 50-hr period was found in 
the decay measured with a 5 g/sq cm lead filter (Fig. 12). At sev- 
eral times during the decay of the observed activities, absorption 
data were taken in order to identify and characterize the radiations 
due to each activity. Measurements of the electromagnetic radiations 
vere made with a 1,500 mg/sq cm beryllium filter to eliminate the 
0 or electron activity. Examples of the data for the 50-hr activity, 
taken after complete decay of the 12-hr activity, are shown in Figs. 13 
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Fig. 11 — Decay of low-energy electromagnetic radiations in the americium fraction 
from deuteron -bombarded Data were obtained as the difference between the 

amount of activity passing through a 1,500 mg/ sq cm beryllium filter and that passing 
through a combination of 1,500 mg/sq cm beryllium and 160 mg sq cm lead filters. 
Counting geometry, 10 per cent. A: observed decay; B: 50 -hr component; C: 12 -hr 
component. 


to 15, and examples of data for the 12-hr activity, taken alter sub- 
traction of the radiations due to the 50 -hr activity, are shown in 
Figs. 16 to 18. The curves were quite complex and the resolutions 
can only be approximate, especially in the case of the 12-hr activity. 
However, the electromagnetic radiations of each of the activities cor- 
respond rather closely to the expected L and K x radiation of pluto- 
nium, with some additional y radiation. The electron activities in 
each of the isotopes are best explained as being due to internal con- 
version of the y rays, and the respective energies are consistent with 
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Fir. 12 — Decay of hard y radiation (5 g/sq cm lead filter) in the americium fraction 
from deuteron -bombarded Counting geometry, 10 per cent; tv, = 50 hr. 


this interpretation. Relative intensities are limited in their accuracy 
to that of the values of the counting efficiency for each of the compo- 
nents. These values are not too well known for low-energy electro- 
magnetic radiation. The results obtained from several bombardments 
are given in Table 1. 

Measurements of the electron components were made using a 
strong, variable magnetic field to enable determination of values of 
Hp. The device used was designed for high geometry, and conse- 
quently the resolution was poor. However, the distribution observed 
for the low-energy electrons of the 12 -hr isotope was that character- 
istic of monoenergetic electrons of approximately 200 kev average 




1544 


THE TRANSURANIinil ELEMENTS 



ADDED ALUMINUM-MG/SO CM 


Fig. 13 — Aluminum absorption curve for electromagnetic radiations due to the 50-hr 
activity In the americium fraction of deuteron 'bombarded Pu”* (1,500 mg/sq cm 
beryllium filter to remove electrons). Counting geometry, 10 per cent. A: observed 
absorption curve; B: y and K x radiations; C: L x radiation (curve drawn for pluto- 
nium L X rays), half thickness « 71 to 231 mg/sq cm aluminum (composite). 


energy. In all the samples measured, the 1.2- to 1.3-mev electrons 
were Just detectable over the counter background and therefore could 
not be studied with any degree of accuracy with the magnetic device. 

Alpha-particle decay measurements showed the presence of an a 
activity of 12 -hr half life. The branching ratio (a disintegrations per 
orbital -electron capture) was found to be approximately 0.1 per cent, 
corresponding to a partial a half life of approximately 500 days. 
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Fig. 14 — Lead absorption curve for electromagnetic radiations due to 50 -hr activity 
in the americium fraction from deuteron -bombarded (1,500 mg/sq cm beryllium 
filter). Counting geometry, 10 per cent. A; observed absorption curve; B; y radiation, 
hall thickness = 12.8 g/sq cm lead, 1.3 to 1.4 mev; C: K x radiation (curve drawn for 
plutonium K x rays), half thickness = 120 to 180 mg/sq cm lead. 


The a activity was always present in low Intensity in the observed 
samples and no energy determinations were made. 

Samples of the americium -curium fraction were carefully examined 
for the presence of Cm®^°, which might have grown from Am*^®by the 
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Fig. 15 — Aluminum absorption curve lor electron activity associated with the 50-hr 
activity in the americium fraction of deuteron -bombarded Pu^’*. Electromagnetic 
radiations have been subtracted. Counting geometry, 10 per cent. 


emission of negative particles. Since no was observed either 

immediately after bombardment or growing in over a period of a 
year, Am**“ does not decay by emission of negative (3 particles. 

4.2 Helium -ion Bombardment of Np^^'^ . Samples of Np^s^ were 
prepared, and bombardments were carried out in a manner analogous 
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ADDED ALUMINUM“MG/SQ CM 


Fig. 16 — Aluminum absorption curve for electromagnetic radiations due to 12 -hr 
activity in the americium fraction from deuteron -bombarded Pu^” (1,500 mg/sq cm 
beryllium filter). Counting geometry, 10 per cent. A: absorption durve obtained by 
subtraction of 50-hr components; B: y and K x radiations; C: L x radiation (curve 
drawn for plutonium L x rays), half thickness = 71 to 231 mg/'sq cm aluminum (com- 
posite) . 


to the methods of Sec. 4,1 for deuteron bombardments of The 

activated samples were chemically processed in the same way, and 
fractions similar to those in the previous part were obtained. Analy- 
sis of the radiations from americium samples resulted in decay and 
absorption data that provided ample evidence for the presence of 
12 -hr and 50-hr activities with the same nuclear properties as de- 
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Fig. 17 — Lead absorption curve for electromagnetic radiations due to 12-hr activity 
In the americium fraction from deuteron -bombarded Pu^’* (1,500 mg/sq cm beryllium 
filter). Counting geometry, 10 per cent. A: absorption curve obtained by subtraction 
of 50-hr components; B: y radiation, half thickness « 1.45 g/sq cm lead, 0.260 mev; 
C; K X radiation (curve drawn for plutonium K x rays), half thickness ■ 120 to 180 
mg/sq cm lead. 
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Fig, 18 — Aluminum absorption curve for electron activity associated with 12 -hr 
activity in the americium fraction of deuteron -bombarded Pu^’”. Fifty-hour electron 
activity and all electromagnetic radiations have been subtracted. Counting geometry | 
10 per cent. Visual range of A curve, about 65 mg/sq cm, about 250 kev maximum 
energy. 


scribed In Sec. 4.1. The possible products of the helium -ion bom- 
bardment of Np’^'^ are just those expected in the deuteron bombard- 
ment of Pu^’*, since the same compound nucleus is formed in each 
case. 

In comparable bombardments, the relative yield of the 12~hr iso- 
tope compared to the 50 -hr Isotope was somewhat higher for the case 
of helium ions on Np*”. The kinetic energy of the helium ions was 
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reduced from 38 to 32 mev in one case with a consequent change in 
relative yield. These results and the corresponding results from the 
Pu*®"-deuteron experiments are discussed in Sec. 4.4. 

4.3 Helium -io n Bomb a rdment of Pu^^^ . In the helium -ion bom- 
bardment of Pu^*®, the particle and electromagnetic radiations of the 
50 -hr activity could be observed in the combined americium -curium 
fraction and in the americium fraction after separation of the ameri- 
cium and curium by means of their selective elution from a resin 


Table 1 — Observed Radiations in Amerlciuni Fractions 



I 

12-hr activity 



50-hr activity 




Assumed ; 



Assumed 


Component 

Observed 
! relative 

counting 

efficiency, 

Relative 
no . of 

Observed 

relative 

counting 
efficiency, : 

Relative 
no. of 


: activity 

% 

events 

activity 


events 

L X radiation 

2.7 

1.5 

0.9 

2.8 

1.5 

0.9 

K X radiation 

1.0 

0.5 

1.0 

1.0 

0.5 

1.0 

285 -kev y 
radiation 

1,3- to 1.4 -mev 

0.4 

0.5 

0.4 

2.3 

1.2 

0.95 

Y radiation 
200- to 240-kev 
electrons 

1.2- to 1.3 -mev 

38.3 

100 

0.2 

11.5 

100 i 

0.06 

electrons 

i 

1 

j... i... 

! 


; 



(Dowex-50) adsorption column with ammonium citrate solution. The 
12 -hr activity may well have been present initially but the time in- 
volved in this separation was so long that none remained after the 
separation. The formation of the 5U-hr activity may have been due 
to deuteron contamination of the ion beam or to reactions of the 
(or.pxn) type. 

4.4 Mass Assignm ents. The isotopes of americium discussed in 
the previous parts of this section should, on the basis of their method 
of formation, have mass numbers in the range from 237 to 240. There 
is no genetic relation between the two, as might have been possible, 
since the 12 -hr activity could decay by isomeric transition. If the 
50-hr activity were produced by decay of the 12 -hr isotope, the loga- 
rithmic decay of the y activity shown in Fig. 12 would not be observed, 
but rather the curve would be convex due to the superposition of a 
12 -hr growth component for the 50-hr activity upon the decay of the 
initial independently formed 50-hr activity. 
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Neptunium and plutonium fractions were removed from portions of 
the americium fractions from the deuteron bombardment of Pu^^° 
after allowing time for the growth of daughter activities. The methods 
were sensitive enough to have detected Np**® (17 hr, /I -particle emis- 
sion) as the daughter of the 12 -hr or activity if the latter were due to 
Am'-**'’, but it has not been observed. The only other daughter isotope 
capable of being formed with sufficient yield to be detected as a re- 
sult of growth from the americium activities is Pu^®* (approximately 
90 years, a -particle emission), if formed from Am”® by electron 
capture. Unfortunately, the amounts of this isotope expected from the 
most radioactive samples of americium obtained were just on the 
limit of detection, so the fact that no Pu-®® was found does not elimi- 
nate the iMSsibility that one of tliese activities is due to Am”®. 

A quantitative evaluation of relative yields of different isotopes as 
a function of bombardment energy may often give an idea of their 
mass as.signments , especially if the mass number of one of the iso- 
topes is known. In this case both are unknown. Since the half lives of 
the isotopes are different, the calculation must be based upon an ac- 
curate knowledge of the cyclotron beam intensity at each time in the 
bombardment, if the latter is longer than, or comparable to, the half 
lives of tlie isotopes. The beam intensity may, in some cases, vary 
widely from time to time, making summation methods necessary. 

Using such methods it was found that no very large variation occurs 
in the ratio of the cross sections for formation of these two isotopes 
when the kinetic energy of the bombarding particles is changed from 
38 to 32 mev for helium ions and from 13 to 19 mev for deuterons. 
This would seem to Indicate that reactions with a large number of 
emitted particles, such as the (d,3n) and (d,4n) reactions, are not in- 
volved since their cross sections would be expected to vary much 
more rapidly with these variations in energy than would the cross 
sections of the (d,n) and (d,2n) reactions. 

This evidence leads, then, to the assumption that the two activities 
are due to Am*®® and Am*®°. If the 12 -hr activity were Am*“ the 
growth of Np*®“ should have been observed. However, as was men- 
tioned earlier in this section, Np*®® definitely did not grow from the 
12 -hr a activity. Alpha decay of Am*®®, on the other hand, would pro- 
duce Np*®* which decays by orbital -electron capture with a half life of 
400 days so that its growth could not have been observed in the small 
samples available. Mass assignments, which are consistent with 
these observations, are (a) Am*®“for the 50-hr Isotope and (b) Am*®® 
for the 12 -hr isotope. 
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5. summary 

Several Isotopes of the new element 95 have been produced and 
their radiations characterized. The chemical properties of this tri- 
positive element are similar to those of the typical tripositive lan- 
thanide rare-earth elements. Element 95 is different from the latter 
in the degree and rate of formation of certain compounds of the com- 
plex ion type, which makes possible the separation of element 95 from 
the lanthanide rare earths. 

The name americium, after the Americas, and the symbol Am are 
suggested for the element on the basis of its position as the sixth 
member of an actinide rare-earth series, analogous to europium, Eu, 
of the lanthanide series. 

The isotopes found and studied in this work are: 

1. Am^‘, which decays by the emission of a particles (energy of 
5.45 mev) with a 510 1 20 year half life and which is produced by the 
^ decay of Pu^^S which, in turn, is produced by the (a!,n) reaction on 
U»“. 

2. Am^*^, which decays by the emission of 0 particles (approxi- 
mately 0.8 mev maximum energy) with a 17-hr half life or, in another 
isomeric form, by branching decay with the emission of a particles 
(energy unknown) and 0 particles (approximately 0.5 mev maximum 
energy) in the proportion of approximately 0.002 a particle per p par- 
ticle; both isomers are produced by neutron capture in Am‘*‘. 

3. Am”*, which undergoes branching decay, decaying (a) by orbital- 
electron capture with a 12 -hr half life and emitting 0.285-mev y rays 
and conversion electrons In addition to the characteristic x rays, and 
(b) by a -particle emission (energy unknown) in the proportion of ap- 
proximately 0.001 a particle per electron capture. This isotope is 
produced by the (d,2n) reaction on Pu*” and by the (a,2n) reaction on 
Np>". 

4. Am*”, which decays by orbital -electron capture with a 50-hr 
half life, emitting 1.3- to 1.4 -mev y rays and conversion electrons in 
addition to the characteristic x rays. Am*” is produced by the (d,n) 
reaction on Pu*** and by the (a,n) reaction on Np**^. 
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THE NEW ELEMENT CURIUM (ATOMIC NUMBER 96 )t 
By G. T. Seaborg, R. A. James, and A. Ghlorso 


1. INTRODUCTION 

A series of experiments has been carried out which has resulted In 
the first production and Identification of Isotopes of the element with 
atomic number 96. A brief description of these experiments and the 
radioactive and chemical properties of this element, which have been 
deduced therefrom, is given here. 

A consideration of the methods by which isotopes of element 96 
might be produced led to the use of two methods. The bombardment 
of plutonium with high-energy helium ions should produce isotopes of 
this element. The neutron irradiation^ of Am**^ should lead to capture 
kA neutrons and formation of Am”’, which would decay by negative 
/3 -particle emission to 96”’. Both of these methods were used in the 
present investigation, and both led to the production of element 96. 

It was, of course, expected that only minute (tracer) amounts of the 
new element would be formed and that identification would be possible 
only if the radioactive characteristics were favorable. Complete 
identification would depend upon showing by radiochemical techniques 
that the radioactivity resided in an element with unique chemical 
properties, different from all other known elements. It was neces- 
sary, in order to plan the chemical identification experiments, to 
have some idea as to the chemical properties of element 96, and for 
this purpose advantage was taken of some predictions of its chemical 
properties. The chemical investigation of the heaviest known ele- 
ments (atomic numbers 89 to 92 inclusive) and the more recently 


tContrlbutloD from the Department of ChemUtry and the Radiation Laboratory, Uni- 
versity of Calffomla, Berkeley, and from the Chemistry Division of the MeUllurglcal 
Laboratory, University of Chicago, now the Argonne National [nboratory. 


IBM 



THE NEW ELEMENT CURIUM 


1555 


discovered neptunium and plutonium has led to the view that the heavy 
elements constitute a new “rare-earth” series in which the 5f elec- 
tron Shell Is being filled and which formally begins with thorium. On 
this basis it was expected that element 96 would have a very stable 
trlpositlve oxidation state with higher states being formed with great 
difficulty, if at all. Thus the anticipated chemical properties to be 
utilized for the isolation of detectable amounts of this element were 
to be those of elements with the typical tripositive oxidation state 
such as the rare earths. It was essential to have at hand from the 
beginning a means for the complete chemical separation of the new 
element from plutonium, since the a activity due to this element 
would be less than 1 ppm of that due to plutonium. 

2. EXPERIMENTAL WORK 

The plutonium targets for cyclotron bombardment were prepared 
by the evaporation of plutonium nitrate solutions on grooved platinum 
plates, followed by mild ignition to form plutonium oxide. These 
targets were then bombarded directly in the target chamber of the 
cyclotron. There were two such bombardments in the 60 -in. cyclotron 
of the University of California at Berkeley, the first one employing 
helium ions of 32 mev energy, and the second, helium ions of 40 mev. 

Following the bombardments, the plutonium oxide was dissolved by 
the use of sulfuric acid, heating the mixture until copious fumes of 
sulfur trioxlde appeared, and then taking to dryness. This was fol- 
lowed by the dissolution of the plutonium sulfate in dilute nitric acid, 
and the remaining undissolved oxide was dissolved by heating with 
nitric acid and a small amount of added hydrofluoric acid. 

On the assumption that the ni oxidation state of element 96 would 
be present and would have an insoluble fluoride, lanthanum fluoride 
was precipitated from the solution after oxidizing the plutonium to 
the soluble hexapositive oxidation state with 0.7N nitric acid (in some 
experiments O.IN potassium dichromate was used with equally satis- 
factory results). The precipitate contained the 0-active rare-earth 
fission -product elements and presumably also any element 96 that 
was present In the ni oxidation state. The precipitate was dissolved 
and the operation was repeated until all the plutonium was eliminated. 
Although this procedure necessarily led to a concentration of a large 
amount of B activity because of fission -product concentration with the 
element 96, it was still possible to examine the u activity remaining 
in this fraction. 

At the beginning of the investigation the a particles were identified 
as to range by means of absorption in very thin mica sheets placed 
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immediately over the sample in an ordinary parallel -plate ionization 
chamber. Later a multichannel pulse analyzer vras constructed, and 
all subsequent energy measurements were made with it. With this 
instrument a thin sample is placed in an ionization chamber in which 
the total ionization of an a particle can be measured as a voltage 
pulse. Individual pulses are sorted electronically and recorded on a 
number of fast mechanical registers in such a way as to separate the 
individual a -particle energies in a mixture of a emitters. 

The neutron irradiation of the americium samples was made in the 
uranium -graphite chain -reacting piles at the Clinton Laboratories 
and the Hanford Engineer Works. The samples irradiated in the 
Clinton pile were placed in the removable graphite stringer at the 
approximate center of the pile. In the Hanford pile the samples were 
Inserted in the regular channels with graphite spacers between the 
sample cans and the uranium slugs. 

In the experiments in which the plutonium daughters were cnemi- 
cally separated after their growth as decay products from the isotopes 
of element 96, essentially the same method of chemical separation of 
plutonium from element 96 was used. In this case, of course, it was 
the oxidized plutonium that was recovered following the successive 
•separation of lanthanum fluoride precipitates, which removed the 
element 96. 


3. RESULTS 

3.1 The Isotope 96^ . The helium -ion bombardment of plutonium 
led to the first definite identification (in July and August of 1944) of 
an isotope of element 96. In the first helium -ion bombardment about 
10 mg of Pu^ was bombarded with helium ions of 32 mev energy for 
a total of about 37 pa-hr in the Berkeley 60-in. cyclotron. After the 
chemical separations described above, the rare-earth fraction was 
found to contain about 500 disintegrations per minute of a activity with 
a range of about 4.75 ±0.1 cm in air atl5*C and 760 mm Hg pressure. 
This activity decayed with a half life of five months (5.0 ±0.1 months). 
The first isotopic assignment of this activity was to the isotope 96**^, 
formed in the reaction Pu^(a,n)96^^. That this has now been con- 
firmed to be the correct isotopic assignment will be made clear from 
the discussion of the remainder of the results of this investigation. 

This same radioactivity was produced later (November and Decem- 
ber of 1944) in a series of neutron bombardments of americium in 
which both bombardment time and total neutron exposure varied 
widely as a result of using the chain -reacting piles at both Clinton 
and Hanford. In all these neutron irradiations it was found that the 
ratio of the total Intensity of the 4.75-cm or particles to that of the 
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4.05 -cm a particles of Am^^varied approximately as the first power 
of the total neutron Irradiation. The following sequence of nuclear 
reactions accounts for these observations: 

95“"(n,y)95“* 

95 ***^ 96 *** 

The 4.75 -cm a particles are due to the isotope 96^^. The decay rate 
here again corresponds to a half life of five months so that this radio- 
activity agrees both in half life and or -particle range with the 96**’ 
formed from the helium-ion bombardment of Pu^. 

The chemical evidence that allowed all previously known elements 
to be eliminated is as follows: 

1 . The activity is carried quantitatively by lanthanum fluoride from 
solutions previously treated with various reducing and oxidizing 
agents, ranging from zinc amalgam to argentic ion. The carrying is 
not Influenced by the use of ammonium fluoride instead of hydro- 
fluoric acid. This evidence alone eliminates all previously known 
elements except indium, lanthanum and all the rare earths, yttrium, 
actinium, thorium, and possibly protactinium. 

2. The activity is not precipitated with indium sulfide from acetic 
acid solution, thus eliminating indium. 

3. Under the same conditions of acidity and concentration of re- 
agents the activity is not coprecipitated with ceric or zirconium 
iodates to as great an extent as are actinium, protactinium, and tho- 
rium, thus eliminating these last three elements and cerium. 

4. The activity can be partially separated from the rare -earth - 
yttrium subgroup by any one of three standard procedures, i.e., pre- 
cipitation of the activity with lanthanum or praseodymium carrier as 
(a) carbonate, (b) oxalate, or (c) formate in neutral or alkaline solu- 
tion with yttrium, gadolinium, or lutecium as holdback agents. 

5. Europium can be separated by reduction to the dlposltive oxida- 
tion state with zinc amalgam and precipitation of EuSOi. The activity 
is not coprecipitated with europium under these conditions. 

6. Fractional separation from the remaining elements (lantha- 
num, praseodymium, neodymium, element 61, and samarium) can be 
achieved by the use of fluosillcate ion in solution during a partial 
precipitation of rare earth fluoride as carrier. 

Confirmation of the isotopic assignment of the five months a- 
activlty of 4.75-cm range came from a study of its decay product. 
A sample containing about 2 x 10* disintegrations per minute of 96*** 
(produced by neutron irradiation of Am**^ ) was allowed to decay for 
about a month and at the end of this time the plutonium fraction was 


( 1 ) 

( 2 ) 
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Isolated and was found to consist of an a activity with range of 4.05 
cm which can be ascribed* to Pu***. The amount of Pu***that grew 
was quantitatively determined in another experiment by addition of 
Pu”” tracer to establish the chemical loss during separation of the 
plutonium. The details of this experiment were as follows; A sample 
containing 1.29 x 10* counts per minute of 96*** was very carefully 
purified of all plutonium; 1,102 counts per minute of Pu*** was then 



CHANNEL NUMBER 

I « ■ ■ ■ < I « ■ ■ ‘ < 

4.6 5.0 5.2 5.4 5.6 

ENERGY (MEV) 

Fig. 1 — Alpha-particle pulse -analysis curve of plutonium that grew from 96^ (with 
added Prf**). 

added, and the sample allowed to stand for 70 days. At the end of that 
time the plutonium was separated from the element 96, and the ratio 
of Pu^ to Pu”* determined by pulse analysis (Fig. 1). The average 
of several such pulse analyses gave the value 1.45 for the ratio of 
Pu*» to Pu^. From these data and taking the half life of 96*** as 
150 days, the half life of Pu**'is calculated to be 92 ±2 years, within 
the limit of error of the value obtained by Jalfey* in direct decay 
measurements. 

In addition to its a particles, 96*** also emits a small amount of 
soft electromagnetic radiation and some electrons. Absorption curves 
of the radiations emitted by samples of 96*** produced by neutron 
irradiation of Am*** are shown in Figs. 2 to 5. The 96*** in these 
sam{des was decontaminated from rare-earth fission products by 
means of the fluosilicate procedure mentioned above and separated 
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FIe* 2 — GelEer- counter beryllium absorption curve of 96^*^ radiations. The geometri- 
cal efficiency was about 10 per cent^ and the curve has been normalized to 10^ a dis- 
integrations per minute, o, points for produced by neutron irradiation of Am’*^ of 
6.6 X 10^” neutrons per square centimeter. A, points for 90^ produced by neutron ir- 
radiation of of 2.0 X 10*” neutrons per square centimeter. 
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ALUMINUM THI0KNE98 M0/8Q CM 


Fig. 8 — Geiger ^counter aluminum abeoriitlon cuire of radiations. Geometrical 
efficiency was about 10 per cent, and the curve has been normalized to 1(F a disinte- 
grations per minute, o, points for 06P" produced by neutron irradiation of Am*^^ of 
6.6 X 10^* neutrons per square centimeter. A, points for OflF" produced by neutron ir- 
radiation of Am”*^ of 2.0 X 10*" neutrons per square centimeter. 
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Fig, 4 — Geiger -counter silver absorption curve of 96^ radiations. A 400 mg/sq cm 
beryllium absorber was between silver and counter at all points. 0 , points for OOP^ 
produced by neutron irradiation of Am**' of 6.6 x 10'* neutrons per square centimeter. 
A, points for 96*** produced by neutron Irradiation of Am**' of 2.0 x 10** neutrons per 
square centimeter. 
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LEAD THI0KNE88 (M0/8Q CM) 


Fig. 5 — Geiger-counter lead absorption curve of radiations of 96***. A beryllium ab- 
sorber was between lead and counter at all points, o, points for 96P** produced by 
neutron Irradiation of Am**' of 6,6 x 10'* neutrons per square centimeter. A, points 
for 9lF** produced by neutron Irradiation of Am**' of 2.0 x 10** neutrons per square 
centimeter. 
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from americium by selective elution from a resin (Dowex 50) adsorp- 
tl(Hi column/ Samples from two different neutron irradiations of 
Am**^, differing by a factor of approximately 3 in total number of 
neutrons, were measured, and the absorption curves were found to be 
Identical In all respects showing that (1) the radiations are not due to 
fission -product contamination since the two samples had radically 


Table 1 — Electromagnetic and Electron Radiations of 96”*^ 


65-kev gamma ray 
L X rays 
Softer X rays 
Electrons 


Counts per 10" or 
disintegrations at 
10% geometrical 
efficiency 

0.5 

200 

100 

40 


Assumed counting 
efficiency, % 

1 

1.5 

100 


Number of events 
per disintegration 

1.8 X 10 -* 

0.13 

4 X 10“* 


different chemical histories and times of decay between removal 
from the pile and measurement of the radiations; and (2) that the 
radiations are actually due to 96^^ and not to 96^’ or a higher -mass 
Isotope, since, if they were due to 96^, the level of activity would 
have been much higher in the sample that received longer Irradiation. 
In addition to these curves it was found by means of bending the 
particles in a magnetic field that approximately 12 per cent of the 
counts at zero absorber are due to low-energy negative electrons. 
These radiations and their approximate abundances are summarized 
in Table 1. 

3.2 The Isotope 96”° . In a second bombardment of Pu”* (March 
1945) helium ions of 40 mev energy were used to bombard 100 mg of 
Pu for 63.1 pa-hr. A sample was treated by the same chemical 
procedure as already described, and the final element 96 fraction 
contained about 2 x 10* a -particle disintegrations per minute. 

It was found that 20 pei cent of this activity was the 96*** activity 
described above, and the remaining 80 per cent was due to another 
o emitter that emits or particles with a range of 4.95 ± 0.1 cm in air 
%t 15*C and 760 mm Hg pressure. The over -all decay rate of this 
sample gave a half life of about one month. Indicating that the half 
life cf the 4.65-cm-range activity was somewhat less than one month 
&nd later resolution (Fig. 6) gave a value of 26.8 days. This activity 
was thought to be due to either 96*** or 96*** produced by the reaction 
Pu***(a,2n)96"‘ or Pu**'(a,3n)96**®. 
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A sample with this activity was set aside and allowed to decay 
from the second to the fourth day after shutdown of the cyclotron. 
The plutonium fraction was then isolated, and the pulse-analysis 
curve (Fig. 7a) as well as the a -decay curve (Fig. 7b) of this pluto- 
nium sample gave definite evidence of Pu^*” whose radioactive prop- 
erties had been definitely established. ‘ The element 96 fraction was 



Fig. 6 — Alpha decay curve of element 96 fraction from bombardment of 'with 
helium lone. 


then allowed to grow plutonium again (77 days of growth) and the 
amount of Pu’** that had grown was quantitatively determined by the 
addition of Pu^ tracer to establish the chemical loss in the process 
of separation of the plutonium from the element 96. The additional 
details of this experiment, which allowed a calculation of the half life 
of the element 96 parent, were as follows: A sample of the 96"* - 96**° 
mixture with activity of 1.38 x 10” a counts per minute, of which ini- 
tially 70.2 per cent was due to 96**°, was allowed to decay for 77 days. 
At the end of that time the plutonium fraction was isolated after addi- 
tion of 1,935 counts per minute of Pu***, and the resulting plutonium 
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5.3 5.5 5.7 5.9 6.1 

ENERGY (MEV) 

Tig. 7a — Alpha-particle pulse -analysis curve of activity In plutonium fraction removed 
from element 96 fraction of a Pu^^” target bombarded with helium Ions. Growth period, 
second to fourth day after end of bombardment. 


o 



Flg« 7b — Decay of a activity in plutonium fraction removed from element 96 produced 
by bombarding Pu?*^ with helium ions. Growth period, second tc fourth day after end of 
bombardment. 
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sample ans pulse-analyzed. The average of several such pulse anal- 
yses (see Fig. 8) gave 1.14 as the value of the ratio of Pu”* to Pu"*. 
Using the value 983 days (obtained from Fig. 7b) for the half life of 
Pu*’*, 26.7 days Is calculated as the half life of 96*”, which Is In ex- 
cellent agreement with the value of 26,8 days obtained by resolution 
of the a-decMiy curve (Fig. 6). 



CHANNEL NUMBER 

I ‘ I I I I I I I 1 

4.8 8.0 s.e 8.4 8.8 8.8 en e.E 


ENEROV (MEV) 


Fig. 8 — Alpha-particle pulse -analysis cunre of plutonium that grew In element 96 
produced by helium-ion bombardment of Pu***. Growth period, filth to eighty -second 
day after end of bombardment. (Pu*** tracer added to determine yield.) 


3.3 Oteer Isotopes of Element 96 . In addition to the Isotopes 96*” 
and 96^ one other activity has been observed which may be due to 
either an Isotope of element 96 or to an americium (element 95) iso- 
tope. 

When the Geiger -counter activity of the combined americium - 
element 96 fraction of plutonium targets bombarded with helium ions 
is followed with various absorbers, the decay curves shown in Figs. 
9 to 11 are obtained. From the percentage <A the a activity in the 
sample which is due to 96***, the Geiger -counter activity due to this 
Isotope can be obtained from Figs. 2 to 5. ff this is done It is found 
that there remains. In addition to an activity corresponding to the 
96*” half life, an activity of about 55 days half life and one of about 2 
days half life. The approximately 2 -day activity Is very probably the 
same activity as the one found in deuteron bombardments* of Pu , 
i.e. the 50-hr Am*". The 55-day activity has a large amount of soft 
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Fig. 9 — Geiger -counter decay of americium -element 96 fraction of target 

bombarded with helium ions. Decay measured through 7 mg/sq cm aluminum. The 9(f^ 
curve was constructed from a knowledge of the number of 96P^ a particles in the 
sample together with the corresponding number of counts through 7 mg/sq cm alumi- 
num per 10^ or particles obtained from Fig, 3. 
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Fig, 11 — Geiger-counter decay of americium-element 96 fraction of Pu*®* target 
bombarded with helium ions (5 g/sq cm lead filter). 
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electromagnetic radiation, perhaps some electrons, but no hard> 

Aftl 343 

rays. It is probable that the activity Is due to 96 or 96 decaying 
by orbital-electron capture. 

4. NAME FOR ELEMENT 96 

As the name for the element of atomic number 96 we should like to 
propose ‘^curium,” with symbol Cm. The evidence indicates that ele- 
ment 96 contains seven 5f electrons and is thus analogous to the ele- 
ment gadolinium, with its seven 4f electrons in the regular rare-earth 
series. On this basis, element 96 is named after the Curies in a 
manner analogous to the naming of gadolinium, in which the chemist 
Gadolin was honored. 


5. SUMMARY 

Two isotopes of the element with atomic number 96 have been pro- 
duced by the helium -ion bombardment of plutonium. These i.sotopes 
are: (1) 96***, which emits a particles with a range 4.75 1 0.1 cm in 
air (energy 6.1 mev) and decays with a half life of 5.010.1 months; 
and (2) 96**°, which emits a particles with a range of 4.95 1 0.1 cm in 
air (energy 6.3 mev) and decays with a half life of 26.810.3 days. 
96*** has also been produced by neutron irradiation of 95***. The 
mass assignments of these isotopes have been verified by isolation of 
their daughters, Pi^** and Pu**®. Some evidence for the isotope 96*** 
or 96***, decaying by orbital -electron capture, has been presented. 
The name curium, symbol Cm, has been proposed for element 96. 
The chemical experiments have indicated that the most stable oxi- 
dation state of curium is the tripositive state. 
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Paper 22.3 


THE NEPTUNIUM (4n + 1) RADIOACTIVE FAMILY t 
By G. T. Seaborg 


One of the interesting results of the research program connected 
with the Plutonium Project is the production by synthetic means and 
the detailed study of a new heavy radioactive family, which is anal- 
ogous in extent and complexity to the three heavy natural radioactive 
families. This entire series of radioactive isotopes, which is com- 
pletely missing from nature, has been synthesized and traced from 
the transuranium region down to the stable end product Bi^^, and the 
radioactive properties of all the individual isotopes have been studied 
in a research program extending over the last seven or eight years. 
The present discussion is concerned with a description of this inter- 
esting research development. 

Such a discussion of this new, fourth radioactive family would not 
be complete without some description of the interesting background 
of research work that led to the unraveling and understanding of the 
three natural radioactive families. 

The discovery of radioactivity and the discovery of the electron 
and the x ray, all of which took place in the last decade of the past 
century, must be ranked as three major experimental advances that 
marked a turning point in physics and chemistry and in the under- 
standing of matter. Because the discovery of the other two items is 
so intimately connected with the discovery of radioactivity, it is 
hardly possible to describe the latter without some mention of the 
former. The discovery of the electron is not so clear-cut as the 
other two, extending as it did over a period of some fifty years, but it 
may be said that besides the work of P, Lenard* the culminating ex- 
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jKrlments were tliose of J. J, Thomson^* and his coworkers, who 
definitely established the existence of widely prevalent small particles 
with mass about ^ooo of that of the hydrogen atom and carrying iden- 
tical negative electrical charges. 

As Is so often the case with Important experimental discoveries, 
the other two were essentially accidental in nature. The German 
physicist W. K. Roentgen in the year 1895 was studying the passage 
of cathode rays, that is, the electrons, through matter when he was 
surprised to notice that a fluorescent screen, which happened to be 
lying near by, became luminous when the discharge tube was running. 
He was amazed to find that this was the case even when black paper 
was interposed between the fluorescent screen and the discharge tube. 
Roentgen had the perspicacity to follow up on this observation, and 
within a few weeks he presented his classical paper on the discovery 
of X rays.® 

Following up on this discovery, the French scientist H. Becquerel 
began to study the relationship between fluorescence and phosphor- 
escence and the emission of xrays. While investigating uranium com- 
pounds as fluorescent material he found that uranium th?.t had been 
exposed to sunlight could affect a photographic plate although the lat- 
ter was covered with black paper. Upon continuing these investiga- 
tions he noticed that uranium salts could cause blackening of photo- 
graphic plates even when they were not exposed to sunlight, thus 
showing that this was an intrinsic property of uranium itself, and his 
classic papers’ describing this phenomenon and published in 1896 
present his description of the discovery of radioactivity. 

The discovery of radioactivity in uranium was closely followed by 
a number of observations showing that this property is also exhibited 
by other heavy elements. In 1898 Marie Curie* and G. C. Schmidt? 
independently found that thorium also exhibits this property. The 
Curies, continuing the investigation of the activity of various com- 
pounds of uranium and thorium and of ores containing these elements, 
found that the activity of certain uranium ores such as pitchblende 
was many times stronger than that of the element uranium itself. 
This led them to the natural conclusion that the activity might be due 
to a more highly radioactive substance present in small quantities, 
and a systematic analysis of uranium ores was made which led to the 
discovery of the two new radioactive elements, polonium? and radium.'' 
Soon after this the radioactive actinium was discovered by Debleme* 
and Independently by Giesel.* 

The nature of the radiations immediately became the subject for 
investigations, and it was soon concluded that they are of three gen- 
eral types: the a rays, which are positively charged particles, not 
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very penetrating but very ionizing; the 0 rays^ which are negatively 
charged particles more penetrating and less ionizing; and the Y rays, 
which cannot be delected by a magnetic field and are the most pene> 
tratlng type. A further number of radioactive species were found, 
some of v^ich were chemically Inseparable from each other; it was 
noticed that some of these seemed to show a constant radioactivity, 
but others seemed to lose this property within a few hours or days. 
The Curies, very early in their study, explained this gradual dlsap' 
pearance of radioactivity in some elements by postulating that perhaps 
the energy of these rays comes from the atom itself. These facts and 
many others were put into good order when Rutherford and Soddy in 
1903 advanced their disintegration theory.^” According to this theory, 
radioactive atoms are unstable, undergoing spontaneous disintegration 
in such a manner that each individual transformation is accompanied 
by the expulsion of an ct or a ^ particle. The chemical and physical 
properties of the remaining atom are different from the original one, 
and this new atom may also be unstable as a member of a succession 
of radioactive transformations or of a disintegration series. 

For the next decade after Rutherford and Soddy advanced their dis- 
integration theory there was a great deal of study of the radioactive 
substances then known and of their relationship to the various disin- 
tegration series. During this interval the study of radioactivity as- 
sumed a stature comparable with a great many of the older sciences, 
and it is interesting to note thatDebierne** in a review of radioactivity 
published in 1908 pointed out that this was such a large subject that a 
whole -year coiirse was taught at the Sorbonne by Mme. Curie. 

The intensity of investigation was such that by 1913 seme thirty to 
thirty-five radioactive substances were known, and at about this time 
it was becoming clear how these might fit into the ten available places 
in the periodic table, (It should be mentioned that it had been noticed 
by Ramsay and Soddy“ as early as 1903 that helium is constantly 
produced by such radioelements as radium and actinium, and in a 
series of beautiful experiments, Rutherford and Royds^* positively 
identified in 1909 the a particles as positively charged helium ions; 
the identification of the 0 particles as electrons had already been 
made earller.“*) Soddy,”" together with Fleck,”" working in his lab- 
oratory, had established the chemical inseparability of a number of 
radioactive substances from other substances, radioactive or inactive. 
After the recognition by Soddy of the displacement caused by the 
emission of or particles and the considerations of Russell” concerning 
possible connections between the shift of an element one way or 
another in the periodic table upon the emission of an a particle or a 
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jS particle, Fajaas” presented these connections clearly as the “dis- 
placement law.” This displacement law connects the emission of an 
a particle with a shift of the element two places down in atomic num- 
ber in the periodic table, leaving the remaining element four units 
less in atomic weight, and the emission of a 0 particle with a shift of 
the element one place up in the periodic table, leaving the atomic 
weight essentially unchanged. The further chemical Investigations of 
Fajans as well as of Hevesy and Paneth'” and also of McCoy^'' and 
others made it possible to place a number of these radioactive species 
in the periodic table, and it was noticed, because of the large number 
of species and the smalinumber of places available, that itwas neces- 
sary in many cases to place more than one species in the same place 
in the periodic table. While the significance of this was recognized 
by some of these investigators, Soddy*®" emphasized that the radio- 
active species in such cases are chemically identical and inseparable, 
and he gave to the species that occupy the same place in the periodic 
table the name “Isotopes,” from the Greek meaning “same place.” 

One of the aims, of course, was to correctly assign the various 
radioactive substances to, and place them within, the different radio- 
active families. It was thought for a while that there might be four 
distinct disintegration series, each named for the most prominent 
element in the series: uranium, radium, thorium, and actinium. How- 
ever, the considerations of Rutherford*''’^'’ andSoddy and the experi- 
mental work of Boltwood*'’ made it clear that uranium and radium are 
genetically related through a long-lived intermediate isotope ionium, 
and thus are both members of the one family, the uranium family or 
the “uranium -radium” family as it is sometimes called. The origin 
of the actinium series was doubtful for a time, although Rutherford^**'* 
had discussed a possible connection with uranium as early as 1906. 
The isotope Pa”*, the parent of actinium, Ac*”, was discovered some 
years later Independently by Hahn and Meitner** and by Soddy and 
Cranston.” Because of the fact that the ratio of actinium to uranium 
in uranium minerals from all over the world was shown to be con^ 
stant, Russell” and others postulated that perhaps the actinium series 
came from a rare isotope of uranium, and in 1935 Dempster** dis- 
covered the rare isotope U**®, which is now known to constitute the 
natural beginning of the actinium series — or the “actino-uranium" 
family as it is sometimes called. 

Thus it was suspected at a rather early date and finally became 
completely clear that there exist in nature three parallel and similar 
lines of radioactive decay, now known as the uranium (or uranium - 
radium) series, the thorium, and the actinium (or actlno -uranium) 
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series, which families were found to account for all the heavy natural 
radioactive isotopes. (It should be recalled here that for historical 
reasons many of the intermediate products in these disintegration 
series have names indicating their genetic relationships and not their 
chemical nature. For example, UX^ and UY are not isotopes of ura- 
nium but of thorium; UXj is an isotope of protactinium; RaC and RaE 
are isotopes of bismuth, etc.) Because of the nature of radioactive 
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Fig. 1 — The four radioactive families. 


disintegration within each of these three families, that is, the emis- 
sion of |3 particles (of mass nearly zero) or a particles (of mass four), 
the masses of all the members of the thorium series, which begins 
withTh^’’, can be designated by the formula 4n, where n is an Integer. 
Similarly, the uranium and the actinium families, starting with U”* 
and U"*, respectively, can be described by the formulas (4n + 2) and 
(4n + 3), respectively. The courses of decay within the three families 
bear striking resemblances to each other, and each of the families 
ends with a stable Isotope of lead, namely, Pb^, Pb’***, and Pb^. 
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Figure 1 shows diagrammatlcally the main lines of decay of the 
three natural radioactive families as they are now known, excluding 
for purposes of simplicity of illustration the recently found branching 
decays ctf small relative percentage (for example, the 1 per cent a 
branching of Ac^” to form the isotope of the new element fran- 
clxim®*). 

However, although careful searches have been made, no radioactive 
chain corresponding to the formula (4n +1), nor any of the individual 
members, have been found in nature. Also, there are no stable iso- 
topes of lead of this type, but the one known stable isotope of bismuth, 
Bi*°*, is of the (4n -i- 1) mass type. 

As early as 1923 RusselP deduced that there should be four inde- 
pendent disintegration series, rather than only the three then known, 
and he predicted for the fourth, the (4n + 1) series, the following decay 
scheme: 

^ 84^0 NJ 

The following year Widdowson and Russell^” revised this prediction 
and said that beginning with Ra”^ the decay chain should proceed as 
follows; 


87«* — 85*" — etc. 

^.,Ac*« / 

A good many years later, in 1940, Turner** predicted a somewhat 
different beginning for the aeries but otherwise agreed in general 
with the second suggestion above. He proposed the following decay 
scheme: 

«U“’ — „Np*” ^ „Pa*” ^ „U*" — wTh*** „Ra«» ^ e.Ac“» — 

^B4Po“V 

872ai_IL 05*" — „Bi*» ^ 3jPb*~-2-„Bl*«' 

X Tl*” ^ 


Ponlsovsky^^ also was led from his considerations to predict a decay 
scheme which is very similar to this, with the difference that Th*®® 
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Is predicted to emit particles leading to an a -active Pa‘‘*, which 
decays to Ac”*. 

Experimental work during the last seven or eight years, much of 
which was performed in connection with the Plutonium Project, has 
led to the observation of all the members of this (4n -t- 1) radioactive 
series and to a complete elucidation of the course which this series 
takes in its decay. It should be noted that the longest-lived mem- 
ber is now known to be an isotope of a transuranium element. This 
longest-lived Isotope is and this may justify the suggestion that 

the series be known as the ‘^neptunium family" by analogy with the 
uranium, thorium, and actino-uranium families whose parents, U*”, 
Th”*, and U*”, which occur in nature, are their longest-lived mem- 
bers. Including a couple of pre-neptunium members, the established 
experimental line of decay is as follows: 

^Pu*« „Am”‘ „Np*” Pa*« — U®” — «,Th”“^ „Ra”» 

X »pi209 

This is shown diagrammatically in Fig. 1. In addition, there are now 
known a number of nuclei of the (4n -t- 1) mass type, which may be re- 
ferred to as "collateral" members, that is, branch members outside 
the main line of decay. There are the negative /j-partlcle-emitting 
Th”* and U”'', the orbital-electron-capturing Cm”* and Pu”’, and the 
orbital -electron-capturing and a-particle-emittingU^” and daughters. 

The isotope that may be considered to be the parent of this series, 
was first separated and measured by Wahl and Seaborg^* in 
1942. It was observed to be a long-lived a emitter with a half life of 
about 3 X 10* years, formed as a result of the /3 decay of the previ- 
ously discovered isotope The isotope U”'' was first reported by 
Nlshina and coworkers” and by McMillan,** who found that it Is a /3 
emitter with a half life of about 7 days, produced from an (n,2n) reac- 
tion by the bombardment of U*** with fast neutrons. This half life for 
NfP'' was determined** by measuring the growth of a particles from 
known amounts of the parent U**'*. Fortunately, this Isotope is also 
produced as a by-product during the production of Pu*** in the ura- 
nium-graphite chain -reacting piles at a rate amounting to the order 
of 0.1 per cent of the rate at which the Pu*** itself is produced. In 
fact it has already been possible, as the result of special chemical 
separation procedures at the Hanford, Washington, plutonium-produc- 
tion plant, to isolate several hundred milligrams of this material. 
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The careful specific -activity measurements performed in 1945 by 
Magnusson and LaChapelle/^ working at the wartime Metallurgical 
Laboratory (now the Argonne National Laboratory) of the Plutonium 
Project, have led to a value for the half life of 2.20 x 10” years, which 
must be considered as the best value. LaChapelle”” has measured the 
mean range of the a particles and has found the value 3.23 ± 0.02 cm 
under standard conditions, corresponding to an energy of 4.73 ± 0.02 
mev according to the range -energy relationship of Holloway and 
Livingston.”” Carefully purified samples have been found by Magnus- 
son and Ghiorso to emit soft electromagnetic radiation, similar to the 
characteristic x rays of a heavy element, and low-energy conversion 
electrons, indicating that the a spectrum of this isotope would prob- 
ably show fine structure under sufficiently high resolution. 

Before proceeding to a discussion of the decay products of Npf*”'', it 
is worth while to say a few words about the two pre -neptunium mem- 
bers of this family which are now known, namely the Pu””” and Am**”. 
These two isotopes were first observed during late 1944 and early 
1945 by Seaborg, James, and Morgan,”” working at the Metallurgical 
Laboratory. These investigators have found that Pu”*” has a half life 
of about ten years for the emission of (i particles with an upper energy 
limit of about 10 to 20 kev. This isotope is produced by the bombard- 
ment of uranium with high-energy helium ions (30 to 40 mev) accord- 
ing to the reaction U””"(a,n)Pu*””, The isotope Am”*” is an a emitter 
of long half life, and according to ttie same investigators the a par- 
ticles have a range of 4.05 ± 0.1 cm, corresponding to an energy of 
5.5 mev. The best value for the half life is about 500 years, as deter- 
mined by Cunningham”” through his careful specific -activity measure- 
ments. 

The first daughter of the parent isotope Np^”'” is the isotope Pa”””. 
This isotope was first observed as a result of the neutron bombard- 
ment of thorium. Fermi and coworkers”*” first showed that such neu- 
tron bombardment leads to the 23 -min /3-emitting Th””” formed in the 
reaction Th*”®(n,y)Th””®. The 0-emittlng daughter of this isotope. 
Pa”””, was first reported by Meitner, Strassmann, and Hahn”” and the 
doubts as to this isotopic assignment, which later arose as a result 
of the discovery of fission, were cleared up by the work of Grosse, 
Booth, and Dunning”” and of Seaborg, Gofman, and Kennedy.*” The 
best value”* for the half life is 27.4 days. The maximum energy*” for 
the /3 particles is 230 kev. There are a number of lines of conversion 
electrons, corresponding toy rays of about 310 and 83 kev.*”’** The 
isotope Pa”*” must, of course, grow from the isotope Np”*'*, and that 
this is the case has been actually demonstrated in an experiment per- 
formed at the Metallurgical Laboratory by LaChapelle. 
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The isotope which is the daughter of the Pa”*, was first sepa- 
rated and examined by Seaborg, Gofman, and Stoughton" at the Uni- 
versity of California in 1941-1&42. These Investigators produced this 
isotope as the result of the irradiation of thorium with cyclotron neu- 
trons and observed that it decays by the emission of a particles; from 
measurements on its rate of growth from known amounts of the parent 
isotope Pa"’ they determined a value for the half life of about 1.2x10* 
years. Since this first work this isotope has been isolated nearly 
pure in weighable amoimts, and the best value for its half life has 
been determined by Hyde" at the Argonne National Laboratory, from 
specific -activity measurements, to be 1.62 x 10* years. The best 
value for the energy of the a particles is 4.80 mev." 

The isotope U"* is a very important one in the series because it is 
through the use of this isotope to study its decay products that the 
major number of members of the series have been investigated. This 
isotope has been available for this purpose in milligram amounts 
formed as a result of the intense neutron bombardment of thorium in 
the uranium -graphite chain -reacting piles. It is very fortunate that 
this isotope has been available in such amounts because its immediate 
daughter, Th***, is quite long-lived (about 7,000 years), and since the 
entire series following Th*" depends on the growth of this long-lived 
member, it is necessary to have at least milligram amounts of U*** 
in order to make feasible a study of all its decay products. The decay 
products of U*** have been thoroughly studied and completely iden- 
tified by two research teams, who have been working independently: 
A. C. English, T. E. Cranshaw, P. Demers, J. A. Harvey, E. P. 
Hlncks, J. V. Jelley, and A. N. May** working on the Canadian atomic- 
energy project, and F. Hagemann, L, I. Katzin, M. H. Studier, A. 
Ghlorso, and G. T. Seaborg**'** working on the American project. 

The chemical procedures and radiochemical techniques brought to 
bear on this problem were quite ingenious, representing in many 
respects advances in the methods used for this type of work. For 
example, the unraveling of the decay chain was tremendously aided 
through the use of a pulse-analyzer apparatus consisting of an ioniza- 
tion chamber for the measurement of a pulses, which is connected to 
a circuit that sorts out the different pulse heights electronically. 
However, a description of these chemical separations, radiochemical 
techidques, and new counting methods is beyond the scope of the 
present discussion, and they are certain to be treated more fully in 
forthcoming publications describing these investigations. 

■The results are listed in Table 1. 

The isotope Pfa?** has been previously reported as a result of Its 
production by the (d,p),’* (n,r),** and (n,p)** reactions. Hagemann*^' 
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has found that Tl*"* decays with a half life of 2.2 min by the emission 
of ^ particles of 1.8 mev energy. 

The collateral member of the series, Pa‘‘”, was first produced at 
the Metallurgical Laboratory by Hyde, Studier, Hopkins, and Ghlorso,*^ 
who found that this isotope is produced as the result of the bombard- 
ment of ionium with 20-mev deuterons in the Berkeley 60-in, cyclo- 
tron according to the reaction Th^^'*(d,3n)Pa^”. This isotope has a 
half life of 1.4 days and decays by the emission of a particles, as was 


Table 1 — Decay Products of U”’ 


American group Canadian group 





Energy of 


Energy of 


Type of 


radiation, 


radiation, 

Isotope 

radiation 

Half life 

mev 

Half life 

mev 

Th”® 

a 

7,000 t 2,000 years 

4.85 

- 10^ years 

-5 

Ra«» 

p- 

14.8 10.2 days 

-0.2 

-14 days 

<0.05 

Ac»« 

a 

10.0 1 0.1 days 

5.80 

10 days 

5.81 


a 

4.8 1 0.1 min 

6.30 

5 min 

6.33 

Ae^’' 

a 

O.OIB t 0.002 sec 

7.00 

0.021 sec 

6.97 


P' 

47 1 1 min 

-1.2(r) 

46 min 

-1.3(j3-) 


a (4%) 


6.0(a) 


6?(a) 

Po2l3 

a 

Very short 

8.30 

(10-* ? sec) 

3.28 


P~ 

2.2 min 

1.8 


7 

Pb»~ 

P' 

3.3 hr” “ 

Q jSO.SOa 




SUble 






deduced by observation of the a particles and also indirectly from the 
observation of the growth of Ac^’’’ and its decay products. There is 
also some evidence that it decays by the orbital -electron-capture 
mechanism, in which case its daughter would be Th^^”. The collateral 
member Pu”** was first found at the Metallurgical Laboratory by 
James, Florin, Hopkins, and Ghiorso.” They produced this isotope in 
the bombardment of natural uranium with 40 -mev helium ions in the 
Berkeley cyclotron [the reaction U®”(a,5n)Pu®”] and found that It 
decays by the orbital-electron-capture mechanism with a half life of 
about 40 days. The Isotope Cm^^^was first identified at the University 
of California by James and Seabo^ who produced it by the reaction 
Pu***(a,2nX^m**^ and who established that it decays by orbital -electron 
capture with a half life of about two months. Meinke, Ghiorso, and 
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Seaborg"* have produced U*** with 100 -mev helium ions according to 
the reaction Th*’*(a,7n)l}”*, and this gives rise to the following col- 
lateral chain: 

etc. 

The half lives and a energies (in mega electron volts) are as follows; 
tJ”», 58 min (6.42); Th”“, 7.8 min (6.57); Ra“S 31 sec (6.71); Em®”, 
~10"® sec (7.74). The U®*® and Th*®® also decay by electron capture. 


Table 2 — Radioactive Properties of the Neptunium Family 



Type of 


Energy of 

Isotope 

radiation 

Half life 

radiation, mev 

^Pu*« 

fi- 

^10 years 

0.01 -0.02 

„Am^‘ 

a 

500 years 

5.5 


a 

2.20 X 10* years 

4.73 

..Pa“ 

0',r, e' 

27.4 days 

0.230 (r) 
0.310, 0.063 (y) 


a 

1.62 X 10* years 

4.80 


a 

7,000 years 

4.85 

„Ra”» 


14.8 days 

-0.2 


a 

10.0 days 

5.80 

„Fr«‘ 

a 

4.6 min 

6.30 

wAf” 

a 

0.018 sec 

7.00 


r (96%) 
«(4% 

47 min 

1.2 (0‘) 

6.0 (a) 


0! 

'^10”* sec? 

8.30 

„T1*» 

r 

2.2 min 

1.8 


/3' 

Stable 

3.3 hr 

0.7 


Table 2 summarizes what probably are the best values for the 
radioactive constants of all the members of the main line of decay of 
the neptunium family. 

There are a number of particularly interesting aspects to this 
radioactive family, and it is worth while to summarize these briefly. 
As already stated, none of the members is found in nature. The key 
member of the series, Npi®®®, is an isotope of a transuranium element, 
neptunium; and, in addition, two other transuranium elements, pluto- 
nium and americium are represented in the direct line of decay. 
There is no emanation isotope, of atomic number 66, as is the case 
for each of the other families; but instead there are main -line repre- 
sentatives of the newly discovered elements astatine®* and francium®® 
(atomic numbers 85 and 87, respectively), which are not in the main 
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line of decay of the other families and hence are missing from or 
very rare in nature. Still another interesting feature of this family is 
the presence of the important Isotope which undergoes fission 
with thermal neutrons and is therefore a possible “nuclear -fuel” 
material. Since is formed as a result of the absorption of neu- 
trons by thorium it is possible to use nonfissionable thorium as a 
nuclear -fuel source indirectly through the fissionable isotope 

Thus it can be seen that these researches have led to the elucida- 
tion of an entire new radioactive family, comparable in complexity to 
the three natural radioactive series, and, as a result of the new-found 
methods of transmutation on the macroscopic scale together with 
Intense investigation and the availability of new techniques and in- 
struments, it has been possible to compress this investigation into a 
period of about half a dozen years as compared to the 30 or 40 years 
spent in unraveling the natural radioactive families. 

SUMMARY 

The experimental work of the last seven or eight years had led to 
the production and the measurement of the radioactive properties of 
all the members of the missing, (4n -t- 1) mass type, radioactive fam- 
ily. The main line of decay for this series, for which the name “nep- 
tunium family” is suggested by analogy with the names for the other 
natural radioactive families, is as follows: 

„Pu«‘ ^ „Am*« -i- 

g4Po*‘® 

bbAc*« ~ .^Pb^^^^Bi*" 

The radioactive properties of Th**®, U*®’, Cm®**, Pu®®’, and Pa®®®, as 
well as U®®P and daughters, nuclei of the (4n + 1) mass type but known 
as “collateral” members because they are not in the direct line of 
decay of this family, are now also known. 
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Paper 22.5 


THE PREPARATION AND ISOLATION OF CURIUM t 
By L. B. Werner and I. Perlman 


The preparation and Identification of by Seaborg, James, and 

Ghlorso' by the cyclotron bombardment of Pu^^* with helium ions, 
constituted the discovery of curium, element 96. This isotope is an 
a emitter with a 5 -month half life. It can also be prepared by the 
irradiation of Am*** with neutrons in the nuclear reaction*’* 

Am***(n,>')Am*** 

Am*** rfr Cm*** 

16 hr 

With the huge neutron fluxes available from the chain -reacting piles 
it becomes possible to transmute appreciable percentages of sub- 
stances provided the transmutation can be effected by slow neutrons. 
The 500-year isotope of americium. Am**', has been isolated by 
Cunningham* so that it seemed possible to prepare microgram quanti- 
ties of Cm*** by a prolonged neutron irradiation. 

The problem of isolating curium was largely that of separating it 
from many times its weight of americium. The chief radiation hazard 
was that of the curium a particles, the activity of which amounts to 
about 7 billion disintegrations per minute per microgram of Cm***. 
The chemistry of curium, as determined on the tracer scale, has 
indicated that only the tripositive oxidation state exists in aqueous 
solution.* It shows very much the same precipitation properties as 
the tripositive rare earths, and attempts to oxidize or reduce it to 
other oxidation states proved unsuccessful. Since the most stable 


tContrlbutlon from the Department of Chemistry and the Radiation Laboratory, Uni- 
versity of California, Berkeley. 
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state of americium is also trlposltlve, the problem of separating 
curium from americium may be compared to that of separating ad- 
jacent rare-earth elements. 

One method of separation, by which it was possible to effect a 
partial removal of americium, did involve a change in oxidation state 
of americium under special conditions. It was found that In slightly 
alkaline solution americium could be oxidized by NaOCl to a higher 
state, which has a low solubility in the presence of carbonate. The 
method is limited by the solubility of the americium and does not 
allow its removal to the point where its concentration in solution is 
small compared to the curium. In practice the oxidation of Am(ni) 
was carried out in 20 per cent K^CO^ solution, making it O.IM in 
NaOCl. A precipitate of americium formed slowly, and a minimum 
solubility of 5 mg of americium per liter was encountered after about 
24 hr. The oxidation state of the americium is assumed to be penta- 
positive, since tripositive and hexaposltive oxidation states of other 
actinide elements do not exhibit these solubility properties, whereas 
Pu(V) does show this behavior [Partial success in further removing 
americium from the solution was attained by using Insoluble Pu(V) as 
a carrier, but the method was not developed.] The precipitate of 
Am(V) once formed could be dissolved in O.IM H 2 SO 4 , in which solu- 
tion the Am(V) is slowly reduced to Am(ni) at room temperature. 
The absorption spectrum of Am(V) was taken in a Beckman spectro- 
photometer and showed absorption bands at 5070 and 7100 A. In 
Fig. 1 the spectrum of Am(V) in O.IM HgSO^ is shown, along with that 
for Am(ni) in IM HCl. 

A much better method of separating americium and curium was 
suggested by the successful use of ion -exchange resins for separating 
rare-earth elements without change of oxidation state. The develop- 
ment of these methods has been reviewed by Johnson, Quill, and 
Daniels.* The cation -exchange resin used, Dowex-50,'' is a develop- 
ment of the Dow Chemical Company and has been used for rare-earth 
separations by Harris and Tompkins* at Clinton Laboratories in Oak 
Ridge. 

The separation of the irradiated americium was made with a glass 
column 50 cm in length and 8 mm in diameter, packed with the am- 
monium form of the resin. The mixture of americium and curium was 
adsorbed from pH 1.5 citrate solution onto a top layer of the column, 
after which a 0.25M citrate solution at pH 3.05 was passed through 
slowly. Owing to difference in the ion -exchange equilibrium and the 
strengths of the citrate complexes, the americium and curium sepa- 
rate into bands, with the curium coming off the column first. The 
eluate was collected in many small samples of about 2 ml each. These 
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were analyzed first for the total a activity in order to localize, in as 
small a volume as possible, the americium and curium. These solu- 
tions, which contained appreciable quantities of a activity, were fur- 



3000 4000 5000 6000 7000 8000 9000 10,00011,000 
WAVELENGTH IN ANGSTROM UNITS 

Fig. 1 — Absorption spectrum of amerlclum(V} and ainericlum(III). 


ther subjected to americium and curium analysis by determining the 
numbers of a particles with ranges of the respective isotopes, using 
an a -particle pulse analyzer designed by Ghlorso, Jaffey, Robinson, 
and Welssbourd.^ 
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An elution curve, so obtained, is shown in Fig. 2. The americium 
curve is lower than that for curium owing to the 1,000 -fold difference 
in specific activities. One cut was taken out which was essentially 



Fig. 2 — Elution curve of americium and curium. 


pure curium, and another which was almost pure americium; the in- 
termediate fraction was reprocessed for further separation. In this 
manner over 90 per cent of the curium was recovered essentially 
free of americium. 

The curium in citrate solution was concentrated and purified by 
means of the following steps; 

1. The citrate was decomposed by heating with concentrated sul- 
furic and nitric acids. 

2. The resulting solution was heated to dryness, and the residue 
was dissolved in a minimum amount of O.IN acid solution. 

3. Cm(OH )3 was precipitated by adding ammonium hydroxide. The 
precipitate was slightly yellow and had a measured solubility of the 
order of 20 mg of curium per liter. 
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4. CmF, WAS precipitated from a solution containing argentic Ion. 
The solubility of the CmF, was found to be of the order of 20 mg of 
curium per liter. The precipitate appeared to be nearly colorless. 

5. Sulfide -Insoluble Impurities were removed from a solution of 
the curium In O.IN HCl. 

The fluoride precipitation was carried out In the presence of ar- 
gentic Ion, which oxidizes the accumulated daughter element Pu‘” to 
a fluoride -soluble state and achieves thereby a separation from it. 
Plutonium is always present as an impurity except immediately after 
separation, owing to the fact that Cm*** decays at a rate of nearly 0.5 
per cent per day. The high a -decay rate has other interesting conse- 
quences In that the aqueous solutions of the salts are decomposed and 
evolve hydrogen and oxygen continuously, as well as build up an ap- 
preciable concentration of hydrogen peroxide in the solution. The gas 
evolution Interfered seriously with the separation of solutions from 
centrifuged precipitates and posed a special problem with respect to 
operation of the resin column. Spongy palladium was mixed with the 
resin In order to minimize bubble formation in the column. 

In Fig. 3 is shown a preparation of the hydroxide, which was origi- 
nally compacted in the bottom of the tube but was soon stirred up by 
gas evolution. The second picture in Fig. 3 Is that of a solution of 
curium taken by Its own light. 

The purity of the isolated curium was checked In several ways. 
First an examination of the absorption spectrum of the solution was 
taken, and, from a measurement of the characteristic absorption band 
of Am(III), a maximum limit was placed of approximately 5 per cent 
americium by weight of curium present. 

A considerable fraction of the sample was sacrificed for a complete 
spectrographlc analysis, which was performed by John Conway of 
this laboratory.t The only detectable impurity was about 1 per cent 
lead, which had not been entirely removed by the sulfide precipitation. 
Although no other elements were detected, it should be pointed out 
that because of the small quantity of sample analyzed and the limits 
of detection of many of the elements, the presence of a considerable 
total impurity was not precluded. This was considered unlikely, how- 
ever, in most cases in view of the highly specific nature of the sepa- 
rations with the resin column. 

One further determination of the purity of the sample was carried 
out. Since the half life of Cm*** Is known from the direct observation 

tin addition to the analysis for Impurities, Mr. Conway recorded 45 spectral lines 
attributable to curium, the most prominent of which fell at 5220.5, 5420.5, 5472.8, 
5546.5, 5905.2, 5909.4, and 4207.5 A. 
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Fig, 3 — Top, early preparation of curium hydroxide in bottom of mlcrocentrlfuge 
cone. Bottom, solution of curium photographed by Its own light. 

of the radioactive decay, the specific activity becomes an index of the 
purity of the preparation. By preparing and subsequently weighing a 
sample of curium oxide on a quartz microbalance, the amount of 
total impurities could be directly calculated. Taking into account the 
known impurities consisting of lead, Am*^\ and Pu , a maximum 
limit of unknown impurities was set at approximately 10 per cent- 
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Some difficulty was .experienced in weighing the sample of curium 
oxide on the ultramicrobalance because the apparent weight of the 
sample continued to increase over a period of days. This Increase 
seemed to be some indirect effect of the intense radioactivity of the 



WAVELENGTH IN ANGSTROM UNITS 
Fig. 4 — Absorption spectrum of curlum(lll) In 0.5M HCl. 


sample and could not be attributed to operation of the balance or the 
chemical composition of the sample. 

Some interesting information on the electronic structure of curium 
can be inferred from the absorption spectrum in aqueous solution, 
which was taken with microadapters in the spectrophotometer. As 
seen in Fig. 4 , curium shows virtually no absorption in the visible 
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range but absorbs heavily below 4500 A. It is known that the absorp- 
tion of gadolinium, whose electronic structure is the stable 4f'' con- 
figuration, is limited to the ultraviolet region of the spectrum, where- 
as rare earths on both sides of gadolinium have absorption bands ex- 
tending into the visible region. A similar trend is noted between 



Fig. 5 — Glove box. 


Cm(III) and the preceding heavy elements in their tripositive states. 
The observation that the curium absorption lies principally in the 
ultraviolet is, therefore, in agreement with the hypothesis” that curi- 
um occupies a position analogous to that of gadolinium with respect 
to its electronic configuration, namely, that of a stable half -completed 
f shell, in this case Sf^. 

Because of the hazards involved in handling the large amounts of 
a activity which accompany visible amounts of Cm®^, all the work 
was carried out in “glove boxes" of the type shown in Fig. 5. We are 
indebted to Nelson Garden and his radiation -protection group for the 
design of the equipment used in these studies. 

Summary . Curium, in the form of the isotope Cm**®, has been 
Isolated In relatively pure form. Microgram quantities were made 
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by transmutation of Am**^ In a high flux of neutrons. The emission 
spectrum and the absorption spectrum in solution have been meas- 
ured, and certain other chemical properties, which can only be 
determined at macro concentrations, have also been measureii. The 
absorption spectrum, when compared to other heavy elements, Is 
analogous to that of gadolinium in the rare-earth series. This finding, 
along with the apparent predominance of the trlposltlve state for 
curium, gives added evidence for placing curium as the seventh ele- 
ment of a heavy-element transition series. 
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PREPARATION AND RADIOACTIVE PROPERTIES OF Ain“®t 
By W. M. Manning and L. B. Asprey 


1. INTRODUCTION 

Seaborg, James, and Morgan^ showed that bombardment of with 
38- to 40-mev helium ions yields an isotope of americium, 

(a 5.46-mev a emitter), by the series of reactions 

U““(a,n)Pu“‘ Am“* 

' ’ ' -10 year 


They also observed that bombardment of Am‘*’ with thermal neutrons 
produced a 6.10-mev a activity. Seaborg, James, and Ghiorso^ found 
that the 6.10-mev activity is also formed by helium -ion bombardment 
of Pu*”, and they showed that it is due tOggCm?“, produced by the 
reaction Am“*(n,y)Am“*-2-Cm®“, by Pu”*(a,n)Cm*“, and perhaps by 
Pu*”(a.p)Am““-2:Cm»“ 

The 6.10-mev activity assigned to Cm‘*‘ decayed with a half life of 
approximately 150 days. The 5.46-mev Am®** activity did not decay 
appreciably (the half life is now known to be about 510 years).® No 
activity attributable to Am®*® was observed in these experiments. 
In the absence of additional evidence, it was not possible to decide 
whether Am®*® was a short-lived 0 emitter decaying to a 150-day 
a -emitting Cm®**, or whether it was a 150-day 0 emitter decaying to 
a short-lived or -emitting Cm®*®. If it were the latter, the Am®*® ^ 
radiation might be too soft to detect with an ordinary mica -window 
counter. In the earliest tracer studies on mixtures of the 5.46- and 

t Contribution from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National laboratory. 

Preliminary reports were made in Metallurgical Project Reports CS-3237 (Sep- 
tember 1945) and C8-3471 (March 1946). 
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6,10-mev a activities'’^ no chemical separation was observed. It was 
not clear whether the failure to separate the two activities was due to 
almost identical chemical properties of elements 95 and 96, or to the 
possibility that Cm^^ was a short-lived a emitter quickly growing 
into equilibrium with a long-lived Am*^ parent.! 

The purpose of the present investigation was (1) to attempt to fix 
the half life of the shorter-lived nucleus, either Am^^^or Cm*^, by 
bombarding Am with thermal neutrons for a short period and then 
quickly observing the growth of the Cm^“ a activity in the sample; 
(2) having found the approximate half life of the short-lived activity, 
to look for a decay of 0 activity with a corresponding half life. The 
experiments described below show that Am^^is in fact the shorter 
lived (half life about 16 hr). Consequently the 150 -day half life can 
definitely be assigned to Cm 

2. EXPERIMENTAL WORK 

2.1 Source of Am^^^ . Am 241 formed by p decay of Pu^^^ was par- 
tially separated from plutonium by the usual procedures for separat- 
ing plutonium and rare earths. Iron, which tended to concentrate 
as an impurity with the americium, was removed by ether extraction 
from concentrated hydrochloric acid. Finally, the remaining pluto- 
nium was reduced to a low level by three successive extractions with 
methyl isobutyl ketone from concentrated nitric acid solution. 

2.2 Growth of Cm^^g Activity . An aliquot from the Am*^* solution 
was plated and examined in a 24 -channel pulse analyzer^ to determine 
the residual plutonium content. The Am’^'*' purity thus determined was 
adequate for following the growth of Cm^'** activity. A larger sample 
of Am^^^ was spread with tetraethylene glycol^ on a 1-in. quartz disk. 
Quartz rather than platinum was chosen as the backing material be- 
cause neutron -irradiated quartz was found to show less 0 activity a 
few hours after bombardment. Preliminary tests showed that the 
activity induced in the irradiated quartz would not interfere with the 
use of the a -pulse analyzer. Before neutron irradiation the Am*^^ 
sample was examined in the pulse analyzer with collimation giving a 
counting geometry of 0.12 percent and a mica absorber that absorbed 
nearly all the 5.46-mev a activity while transmitting any 6.10-mev 
activity. The background counts corresponding to the Cm^^^ energy 
were found to be extremely low (see top curve in Fig. 1). 

The Am^^^ sample was irradiated in the thimble of the Argonne 
heavy-water pile for 90 min, and it was then transported to the pulse 


t Clear -cut separations of curium from americium have subsequently been effected 
despite their similarity in chemical properties.*'” 
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Fig. 1 — Pulse -analysis curves showing growth of 6.10-mev a activity after a 

90 -min Irradiation of Am**' in the Argonne heavy -water pile. Times shown are from 
mid -point of bombardment to mid -point of count. Counting geometry, 0.12 per cent. 
Duration of counts, reading from top down, B3, 55, 92, and 276 min, respectively. 
Points at extreme left of curves show the long-range "tall" of the 5.46-mev Am**'. 




1598 


THE TRANSURANIUM ELEMENTS 


anAlyzer. The growth of 6.10-inev a activity was followed for 60 hr. 
Figure 1 shows the growth for three Intermediate times. A growth 
curve Is shown In Fig. 2 In which the difference between the estimated 
final maximum activity and the observed activity at a given time Is 
plotted as a function of time from the mid -point of the bombardment 
to the mld-polnt of each count. The slope for the best straight line 
through the experimental points depends somewhat on the particular 
maximum value which Is assumed for the 6.10-mev activity. Appa- 
ratus difficulties made It Impossible to follow the growth experimen- 
tally beyond the 64-hr point. The assumed maximum of 8,730 disin- 
tegrations per minute and the slope corresponding to the 16 -hr half 
life shown In Fig. 2 represent approximately the best fit for the ex- 
perimental data, but reasonably good fits (except for the last three 
points, whose positions would be very sensitive to small variations in 
counter sensitivity) are obtained for assumed maximum activities 
ranging from 8,200 to 9,400 disintegrations per minute, with corre- 
sponding half lives ranging from 14 to 18 hr. 

The maximum growth of Cm^*^ activity in this experiment corre- 
sponded to an Increase of much less than 1 per cent in total a activity 
on the plate. A selective method of recording the long-range activity 
was therefore essential to the success of the experiment. 

2.3 Decay of Am^*^ Activity . The experiment just described did 
not serve to distinguish between the alternative modes of decay 


Am 


242 


tf' " 

19 hr ISO day 


and 


Am*« Cm*“ 

ISO dRy 


a 

10 hr 


The combination of fission activity and activity Induced in the quartz 
backing plate would have obscured any 0 activity of Am^. 

To remove further the fissionable Pu before another neutron 
bombardment, the remainder of the Am^*^ solution previously pre- 
pared was extracted three additional times with methyl Isobutyl ke- 
tone. A quartz disk was thoroughly cleaned with concentrated nitric 
acid; then It was plated with 2.50 x 10* a disintegrations per minute of 
Am**‘. The sample was checked for Initial Geiger activity penetrating 
4 mg/sq cm erf air and 3.4 mg/sq cm of mica. Attributing all the 
observed counts to electrons, the “0'Vot ratio was estimated at ap- 
proximately 0.015. 
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Fig. 2 — Growth of Cm”* a activity, platted as difference between eetlmated final 
maximum activity and obeerved activity at a given time. Vertical lines through points 
ln<*4cate standard errors of counting. 


The sample was then bombarded in the thimble of the Argonne 
heavy-water pile, returned to the laboratory, and dissolved from 
the quartz with nitric acid. Analysis of an aliquot of this solution 
4 hr after the mid-point of bombardment showed a total 0 activity of 
1.73 X 10* disintegrations per minute, again through 4 mg/sq cm 
air and 3.4 mg/sq cm of mica. This corresponds to a 0/a ratio 


s. a 
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0.69, or 46 times the ratio before irradiation. A portion of the solu- 
tion was then carried through two lanthanum fluoride -fluosillcic acid 
cycles* to obtain some decontamination from fission products formed 
during bombardment. The |S/a ratio of the decontaminated sample 



HOURS AFTER MIDPOINT OF BOMBARDMENT 

Fig. 3 — Decay of activity. Curve A, through 3.4 mg/sq cm of mica and 4.0 

mg/sq cm of air. Curve B, through 11.0 mg/sq cm of aluminum in addition to 7.4 
mg/sq cm of mica and air. 


was only 7 per cent lower than that of the undecontaminated solution, 
Indicating that nearly all the activity in the bombarded material was 
due to Am^*^ rather than to fission products or other impurities. 
0-decay curves for a sample prepared from the decontaminated solu- 
tion are shown In Fig. 3. Both curves are corrected for a small 
amount of hard residual activity, presumably due to Am^*S which was 
unabsorbed by 223 mg/sq cm of aluminum and showed practically nO' 
decay. Both curves show a slope corresponding to a 17.5 -hr half life 
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up to 50 or 60 hr after the mid -point of bombardment. The diminished 
slope of the more complete decay curve after 60 hr indicates the 
presence of long-lived impurities, perhaps fission products not com- 
pletely removed during the decontamination procedure. The curve 



Fig. 4 — Aluminum absorption curve of Am '“radiation. Curve A, uncorrected. Curve 
B, corrected S-absorptlon curve (hard component subtracted from curve A). 


was not followed long enough to permit a quantitative correction for 
the long-lived activity or activities. However, a properly corrected 
curve would presumably show a slope corresponding to a half life 
somewhat shorter than 17.5 hr. 

Figure 4 shows an aluminum absorption curve for a sample pre- 
pared from the decontaminated americium after bombardment. A 
sample of the undecontaminated material yielded an almost identical 
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curve. The slope of the hard component in Fig. 4, presumably elec- 
tromagnetic radiation, represents a half thickness of about 620 mg/sq 
cm, corresponding to an energy of about 0.03 mev. At least part of 
this radiation Is due to Am^^^ The slope of the corrected |9-absorption 
curve suggests the possible presence of more than a single /3 com- 
ponent. Analysis of the curve by the Feather'" method does not give 
very satisfactory results, but It indicates a maximum 0 range in the 
neighborhood of 400 mg/sq cm. This corresponds to a maximum 
/3-ray energy of about 1.010.3 mev." The activities available were 
not Intense enough to make it feasible to search for more energetic 
y radiation. 

The ratio of 0 activity formed in this bombardment to the Cm^*^ 
a activity formed in the bombardment described in the preceding 
section is in good agreement with the value calculated for a 16 -hr 
activity decaying to a 150-day activity. The observed ratio after 
correction for decay and for differences in sample size and bom- 
bardment but not for absorption by 7 mg/sq cm of mica and air is 
220. in good agreement with the 150 -day/16 -hr ratio of 225. 

The observed half life for /3 decay of Am^*^ 17.5 hr, agrees with 
the 16-hr value calculated from the growth of Cm^*^ a activity. Since 
the apparent 0 half life was presumably influenced by the presence of 
a long-lived contaminant, a value of 16 hr (±3 hr maximum error) for 
the Am^*^ half life is the best estimate from these experiments. 

Since the completion of the experimental work described here, a 
very long-lived isomer of Am^^ has been found by Seaborg, James, 
and Morgan' to be produced, in addition to the 16-hr isomer, as a 
result of neutron capture by Am^*'. 

3. SUMMARY 

ggAm^'" captures neutrons to yield Am^*^, a 0 emitter with a half 
life of 16 ±3 hr. The maximum 0 energy for Am^*‘ is approximately 
1.010.3 mev. 
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Paper 22.8 


PRODUCTS OF HELIUM-ION AND DEUTERON BOMBARDMENT 

OF U®“ AND U”*t 

By R. A. James, A. E. Florin, H. H. Hopkins, Jr., and A. Ghiorso 


1. INTRODUCTION 

The first bombardments of uranium with deuterons^ and helium 
ions^ showed that fission is produced with both kinds of particles. 
Later work® demonstrated that U®®® and Np**®, which had also been 
produced by bombardment of uranium with neutrons,® and a 2.0-day 
fi particle-emitting neptunium are produced by the bombardment of 
uranium} with 16-mev deuterons. The same workers® showed that 
this 2.0-day neptunium decays to an a-emitting isotope of plutonium 
with a half life of approximately 50 years. It was also shown® by bom- 
bardment of uranium enriched relative to U®®® that each of these prod- 
ucts was largely the result of nuclear reactions of deuterons with 
U®®®. The yield of the 2.0-day neptunium with deuterons of various 
energies was measured,® and it was concluded that this activity is 
Np®®* resulting from a (d,2n) reaction on U®®®. A bombardment of 
uranium with 32-mev helium ions’' resulted in the formation of Pu®®®, 
Pu®»®, Np*®®, and Np*»®. 

Thus the information available at the time the work reported here 
was begun can be summarized by the following nuclear reactions 


tContribution from the Department of Chemistry and the Radiation Laboratory, Uni- 
versity of California, Berkeley, and from the Chemistry Division of the Metallurgical 
Laboratory, University of Chicago, now the Argonnr National Laboratory. 

tThe word uranium'* when referring to target material is to be taken to mean the 
natural mixture of Isotopes. 
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^Ich had been observed to occur with 16-inev deuterons and 32-mev 
helium ions. 


U*”(d,p)U*” 

U*“(d,n)Np*“ 

U*“(d,2n)Np*“ 

U”*(a,3n)Pu*®® 

U*”(a,4n)Pu"“ 

U**(a,p2n)Np=»' 

U*«(a,p3n)Np“® 

When sizable quantities of fairly pure U*“ and greatly enriched U*“ 
became available, it was possible to bombard these isotopes sepa- 
rately. Fortunately, at about this same time J. G. Hamilton and his 
group at Berkeley modified the 60-in. cyclotron to produce 22-mev 
deuterons; they were also able to get a rather high current of 44-mev 
helium ions. Such an increase in energy was expected to cause many, 
other types of reactions; for example, the (d,3n) and (d,4n) reactions 
might be expected as well as reactions of the type(d,p2n), (d,p3n),etc. 
With helium ions of 44 mev energy even more excitation energy is 
available so that a larger number of particles than had previously 
been observed might be emitted from the compound nucleus before a 
stable state is reached. The following is a list of the reactions that 
might be expected in the bombardment of and with 22-mev 
deuterons and 44-mev helium ions. 

U*”(d,n)Np”‘*t 
U*“(d,2n)Np*“t 
U*"(d,3n)Np“’ 

U"*(d,4n)Np“'’t 
U*”(d,p)U*®’t 
U“(d,pn)U*" 

U*"(d,p2n)U”’t 


U**(d,n)Np”*t 

U“(d,2n)Np**t 

U*”(d,3n)Np”*t 

U*”(d,4n)Np”* 

U**®(d,p)U”® 

U*”(d,pn)U”® 

U®"(d,p2n)U*®* 


t Reaction has been observed and is reported In this paper. 
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U**(d,p3n)U®»’ 

U“(d^)Pa*“ 

U**(d/*n)Pa*” 

U**(d,a2n)Pa”< 

U®”(a,n)Pu*“t 

U*“(a,2n)Pu*«t 

U*“(a,3n)Pu**’t 

U®“(a,4n)Pu“*t 

U”"(a,5n)Pu*” 

U*“(a,6n)Pu**' 

U«*(a,p)Np*“ 

U*“(o,pn)Np**® 

U*"(a,p2n)Np®'*t 

U*"(a,p3n)Np*"t 

U”*(a,p4n)Np"’ 

U*”(a,0fn)U*”t 

U“(a,a2n)U”® 


U**(d,p3n)U“' 

U®*(d,a)Pa“» 

U**(d,an)Pa“* 

U*"(d,a2n)Pa*" 

U“(a,n)Pu*«t 

U“(a,2n)Pu»»’t 

U“*(a,3n)Pu”*t 

U”®(a,4n)Pu*“ 

U*”(a,5n)Pu*®* 

U“(a,6n)Pu*” 

U”*(a,p)Np*“T 

U*“(a,pn)Np”’ 

U“(a,p2n)Np"* 

U“®(a,p3n)Np*“ 

U*“(a,p4n)Np*« 

U*“(o,an)U*“ 

U*“(a,a2n)U“* 


2. EXPERIMENTAL WORK 

2.1 Targets . The targets for bombardment were of several types: 
(1) metal disks of uranium which fit on the regular target holder in- 
side the chamber of the cyclotron at Berkeley, (2) uranium oxide in a 
grooved copper or platinum backing that fits into the regular target 
holder, (3) special small interceptor targets of uranium oxide on 
platinum in the beam in front of the regular target. 

The metal disks are preferred to oxide targets and were used 
wherever possible. They have the advantages of eliminating losses of 
target material into the cyclotron chamber and of presenting a pure 
smooth target for the beam. Also, successive thin layers, constituting 


tReactlon has been Obsenred and la reported In thla paper. 
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regions where the bombarding particles have progressively decreas- 
ing energy, can be milled off and worked up separately to give frac- 
tions with varying proportions of individual reaction products. In 
many respects this procedure is more convenient and flexible than the 
foil method'* for determination of excitation curves. 

A special holder was constructed for these targets to facilitate the 
operation of milling off thin layers of the target area. It consisted of 
a steel block, which could be bolted to the table of a vertical milling 
machine, for a base. The target was clamped to the base and adjusted 
so that the surface was as level as possible. The sides and top of the 
holder were made of lucite to avoid loss of shavings from the milling 
operation and at the same time allow the operator to see the milling 
operation. An autoradiograph of the target was made, and the most 
active area was outlined before the milling operation was begun. After 
a thin layer, usually 0.001 or 0.002 in., had been milled off the shav- 
ings were washed out of the holder into a beaker through a spout 
provided in the bottom of the holder. After all shavings had been 
thoroughly washed out another cut was made, care being taken not to 
include any of the top surface or the burrs pushed up around the edge 
in the first milling operation. The procedure was repeated until as 
many layers as were desired had been cut. These layers were then 
worked up separately as described in the next section. 

When oxide targets were used, the material was either scraped off 
the target with a sharp steel tool and dissolved or dissolved directly 
off the target plate. This latter method has the disadvantage of some- 
times introducing foreign material, such as solder, from the target 
backing into the solution. 

2.2 Chemical Processing. The method of chemical separation 
chosen depends to a large extent upon the element first wanted in pure 
form. This is usually the element with the shorter-lived isotopes, and 
in these targets it was generally neptunium. The uranium or uranium 
oxide is dissolved in nitric acid, and the plutonium and neptunium are 
reduced to the tripositive and tetrapositive states with sulfur dioxide 
3^ precipitated with lanthanum fluoride. This precipitate is then 
stirred with potassium hydroxide, which converts the lanthanum fluo- 
ride to lanthanum hydroxide. After this lanthanum hydroxide has been 
washed thoroughly, it is dissolved in nitric acid. The neptunium and 
plutonium are oxidized to the hexaposltive state by heating at SCC 
for 15 min in 0.2M KBrO, solution. Calcium nitrate is then added to 
make the solution 5M, and the neptunium and plutonium are extracted 
into a volume of ether approximately equal to the volume of the salt 
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solution. This ether extract is washed with two successive portions 
of a lOM NH 4 NO 3 solution to remove any fission-product activity that 
was mechanically transferred with the ether from the original salt 
solution. After the washes, the ether is equilibrated with water, which 
washes out the neptunium and plutonium. The ether is then put back 
with the original salt solution, and the process is repeated several 
times to increase the yield of neptunium and plutonium. After this 
ether extraction the neptunium and plutonium are contained in the 
water fraction with only a very small amount of activity from fission 
products. 

Small Kjeldahl flasks are much more convenient than separatory 
funnels for ether extraction of these small quantities of relatively 
inactive materials since the ether layer is the one of interest. The 
aqueous layer is frozen in an acetone-dry ice bath, and the ether is 
decanted into the next flask. 

After the neptunium and plutonium are completely in the water 
wash, this solution is evaporated down to a small volume, and after 
reduction of the neptunium and plutonium with sulfur dioxide, lantha- 
num hydroxide is precipitated. This precipitate is washed to remove 
all traces of the nitrate ion, and it is then dissolved in a solution of 
hydrochloric acid. 

The plutonium and neptunium are separated from each other by re-* 
ducing the neptunium to its tetrapositive state, reducing the plutonium 
to its tripositive state with iodide ion, and extracting the neptunium, 
after a ten-fold dilution, into a 0.2M solution of thenoyltrifluoroacetone 
in benzene. 

2.3 Preparation of Plates for Counting . In preparing plates, hy- 
drochloric acid solution can be evaporated directly onto platinum or 
glass disks. When extremely thin and uniform plates are desired, as 
for the pulse analyzer, it is better to electroplate the samples. In 
these cases the hydrochloric acid solution is evaporated to dryness 
and dissolved in nitric acid to eliminate the chloride ion. The pluto- 
nium is then oxidized to its hexapositlve state with potassium persul- 
fate, and it is added to an electrolysis cell containing a bicarbonate- 
carbonate buffer.” 

2.4 Counting Instruments . For the actual counting of samples 
a number of different Instruments have been used. The a-partlcle 
ranges were determined by means of the pulse analyzer,^” an instru- 
ment which gives pulses of a size proportional to the energy of the 
particles producing them. These pulses are then sorted electronically 
according to size into a number of different channels and finally re- 
corded separately on mechanical registers. X-ray and y-ray energies 
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were determined by means of absorption curves using various ab- 
sorber materials. The combination of a2g/sqcm beryllium absorber 
with thin aluminum and lead absorbers has been particularly useful 
for X rays. Aluminum and lead curves were determined as a matter 
of general practice, and beryllium, copper, silver, and gold curves 
have been used when ambiguity existed in interpretation of the results. 
The x-ray decay curves were generally obtained from the difference 
in the activity with (1) only a 2 g/sq cm beryllium absorber which 
allows K and L x rays and y rays to pass through and (2) a 2 g/sq cm 
beryllium absorber plus a 100 to 150 mg/sq cm lead absorber, which 
absorb most of the x rays but only a very small fraction of the mod- 
erately hard y rays. 

The a-particle counters used were the standard 52 per cent geom- 
etry type and the argon -COj filled type for fast counting rates. The 
vacuum low-geometry type was also used occasionally for very 
active samples.'^ 


3. RESULTS 

3.1 Np”* and Pu”” . In the bombardment of uranium with helium 
ions, a plutonium Isotope was observed which emits a-particles with 
a range of 4.3 cm of air and decays with a half life of 2.7 years. A 
helium -ion bombardment of enriched showed that the Isotope is 
primarily the result of a reaction between the helium ions and U™ . 
It was also observed that if the neptunium fraction is Isolated fairly 
soon after bombardment, the 4. 3 -cm plutonium a activity grows into 
it. The amount of this activity produced is quite large as is shown by 
the following example. Bombardment of 200 mg of with 540pa-hr 
of 44-mev helium ions produced 2.4 x 10* disintegrations per minute 
of the 4.3-cm a activity. 

This same activity and its growth was observed when U*** was bom- 
barded with deuterons. Bombardment of 200 mg of U*** with 71 pa-hr 
of 22-mev deuterons produced 3 x 10* disintegrations per minute of 
the 4.3-cm a activity. 

A bombardment of U*** with 22-mev deuterons using the metal disk 
type of target and the milling technique described above showed that 
the activity is also produced in small amount in the upper layers by a 
reaction with U***. Figure 1 gives the cross section calculated for the 
reaction producing this Isotope as a function of energy of deuterons. 
The energy was calculated by using approximations to the stopping 
power of uranium, and the graphs of energy vs. range given by Hol- 
loway and Livingston.^* The relative values of these cross sections 
hiay be considered quite accurate, but the absolute value should be 
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taken only as an order of magnitude. It may be noted that there is a 
ri^id decrease in the cross section with decrease in energy of the 
deuterons. The cross section for formation of Pu”* by the reaction 

U“(d,2n)Np“^Pu“ 

is plotted in the same figure, and it is observed to be comparatively 
constant. This rapid decrease in the relative amounts of 4.3-cm 



ENERGY OF DEUTERONS (MEV) 

Fig. 1 — Cross section for formation of Pu™ and Pu*” by deuteron bombardment of 
U** as a function of deuteron energy (log scale used to expand scale). 


activity formed Indicates that more energy is required for the reac- 
tion than for the (d,2n) reaction and hence that more than two neu- 
trons are emitted from the compound nucleus. The (d,3n) reaction 
would give rise to Np*”, which is known to be a long-lived a emitter. 
This then means that the neptunium isotope must have a mass number 
less than 237. 

A fairly large sample (8.6 x 10* disintegrations per minute) of the 
4.3-cm a-emitting plutonium obtained from U*** bombarded withhe- 
Uum ions was set aside and allowed to decay for 49 days. At the end 
of that time the sample was divided hito two equal parts, and a known 
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amount of to be used as tracer, was added to one part. Tlie 
uranium was then isolated from each of the two halves, and pulse- 
analyzer curves were made from the final uranium plates (Fig. 2). 
These two curves considered together with the amount of U*” added 



rig. 2a — Pulse-analysis curve of U'** Isolated from Pu”* with U”* tracer; counting 
time 10 min. From curve, ratio (0“> + U’**)/U*" = 3,46 


gave the amount of that had grown into the plutonium sample and 
allowed a correction to be made for the amount of U*** originally 
present in the plutonium and for the losses in chemical separations. 
The data were as follows; 278 counts per minute of U"* grew from 
2.15 X 10* counts per minute of Pu*** in 49 days. The half life of U*** 
was calculated from these facts to be 70 years. This value is believed 
to be more accurate than the value of 30 years obtained previously.^* 
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The isolation of U”* as the daughter then definitely establishes 
these isotopes as Np”* and Pu^. 

The half life of Np*” has been measured in two ways: 

1. The neptunium fraction from a bombardment of U** with helium 
ions was isolated free of plutonium, and the growth of a particles into 
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Pig. 2b — Pulse-analyslB curve of U“* Isolsited from Pu*", no U** tracer added; count- 
ing time 40 min. From curve, ratio U^^/U*** = 7,30 


this ■ fraction was observed (see Fig. 3). The sample also contained 
Np*" and Np*"; therefore Pu*" and Pu“ were also growing into the 
sample. After the growth was essentially completed, a pulse-analyzer 
curve was taken to establish how much Pu”*, Pu”‘, and Pu”” had 
grown. It was found that 88 per cent of the growth was due to Pu”* 
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and 12 per cent was due to Pu*’”, the amount of Pu”” being negligible. 
The half life of Np*** calculated from these data Is 22 hr (Fig. 4). 

2. A sample of the same neptunium fracticm was followed on a 



Fig. 3 — Growth ol Pu*" irom Np*** (pulse analysis at 20 days; 12 per cent Pu“, 88 
per cent Pu***). 


Gelger-Mueller counter through several half lives and then resolved 
into the various components. After subtraction of the Np*®" and Np**" 
a component remained with a half life of 21 hr, in reasonable agree- 
ment with the 22-hr value obtained from the growth curve. 

Unfortunately, 2 dl samples of Np*®* obtained so far contained pre- 
ponderantly the Isotopes Np*®® and Np*®®, so it has not been possible 
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to determine the characteristics of the radiations from Np^ with any 
certainty. Qualitatively It can be said that the maximum energy of the 
^ particles Is between 0.1 and 1.2 mev. There seems to be a fair 
number of soft y rays In the range 0.1 to 0.5 mev, but there appears 



Fig. 4 — Resolution of Fig. 3 Into components. 


to be none or at most a small number with an energy greater than 
1 mev. 

Several samples of Pu** have been followed for a decay to deter' 
mine Its half life. Two kinds of samples are available for such meas* 
urements, and both have disadvantages: (1) samples of the original 
plutonium fraction from targets bombarded with helium Ions, and 
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(2) samples which are known to have grown from neptunium. The first 
kind consist almost entirely of 4.3-cm range a activity, but they may 
be complicated by a particles from Pu*” (see section on Pu*”). The 
second kind could not have Pu””, but they do contain a considerable 
percentage of Pu”* so that the accuracy of the half life determined 
depends on the accuracy with which this percentage is known. From 
measurements on both types of samples, the best value for this half 
life is considered to be 2.7 ± 0.3 years. 

The reactions by which these isotopes are produced with 22-mev 
deuterons and 44-mev helium ions are 

U“(d,n)Np*”-^^Pu«• 

U“"(d,4n)Np*”^Pu*” 

U”*(a,3n)Pu*” 

U**(a ,p2n)Np“*-^ Pu®“ 


and probably 

U“*(a,6n)Pu”* 

and 


U**(a,p5n)Np®“-^Pu*” 


They have also been produced by‘* 

Np®"(d,3n)Pu““ 


and" 


U”>(a,n)Pu*” 

3.2 Np*” . Even with the lower-energy deuterons (16 mev) before 
the cyclotron had been improved, small amounts of a new neptunium 
activity were observed in uranium targets bombarded with deuterons. 
This activity decays by the emission of characteristic K and L x rays 
vith a hali life of approximately 400 1 20 days, 

Oeuteron bombardments of U*“ produced much more of this activity 
(71 pa-hr of 22-mev deuterons produced 1,200 coxints per minute 
dirough 10 mg of absorber at 28 per cent geometry). The activity is 
not produced by the bombardment of U*** with deuterons,^* but it is 
produced in helium-ion bombardments of U*®*. It seems quite cer- 
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tain that Np**ls the correct Isotopic assignment and that the following 
reactions are responsible for Its production: 

U*"(d,2n)Np“” 

U*“(a,pn)Np”® 


and probably 


U”*( a, 2n) Np”® 

No positron emission or annihilation radiation accompanies the 
characteristic x rays, so it Is probable that the mode of decay is 
electron capture. 

3.3 PuffJ. By the bombardment of uranium with helium ions, a 
plutonium isotope was formed that emits x rays with energies char- 
acteristic of an element in this region and that decays with a half life 
of about 40 days. The same activity was also found to be produced by 
the bombardment of with helium ions, and the relative amount 
was such as to show that this activity was primarily the result of a 
nuclear reaction involving the U®®®. A bombardment of 200 mg of U®®® 
with 541 /xa-hr of 44-mev helium ions produced 1.2 x lo® K x-ray 
counts per minute at 10 per cent geometry. The counting efficiency 
is believed to be about 0.5 per cent, which would give a cross section 
of 0.003 barn for the formation of this Isotope. 

A sample of this 40 -day activity was allowed to decay for about one 
half life, and then the neptunium fraction was Isolated from the sam- 
ple. If the X rays were due to Pu®®®, then the decay of the sample 
would have been expected to produce several thousand x-ray counts 
per minute of Np®®®; but if the 40-day x rays were due to Pu®®^, only 
about 0.05 a counts per minute of Np®®'' would have grown. No activity 
of any kind was found, indicating that the 40-day x rays are probably 
due to Pu®®^. Another piece of evidence that also points to Pu®®' being 
the correct assignment is the fact that none of this activity is ob- 
served when U®®® is bombarded with helium ions.®® 

No Y rays nor positrons were found with this 40-day x-ray activity, 
BO it is probable that Pu®®’' decays by orbital electron capture. Since 
all samples in which Pu®®'' has been found also contain a large amount 
of a activity from Pu®®* and a small amount from Pu®®*, the a branch- 
ing of Pu®*'' has not been established. This is especially true if the 
range of Pu®” a particles happens to be quite close to the range of 
either Pu®*® or Pu®*®. 
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The nuclear reactions responsible for the production of Pu‘” In 
these bombardments are 


U**‘(a,2n)Pu*" 

and probably 

U*'*(a,5n)Pu*" 

Pu^ Is also formed^* In the deuteron bombardment of Np”'' by the 
reaction 


Np“’(d,2n)Pu“’ 

3.4 Np‘^. In the bombardment of with deuterons, an exami- 
nation of the neptunium fraction revealed that there was a large ex- 
cess of hardy rays. That is, the ratio of y rays to particles was 
several times as high as is found in pure Np^, and it was higher still 
when consideration was given to the fact that the sample contained 
some Np^’^, which does not have a hard y ray. The decay curve of the 
hard y rays showed that they were a mixture of the 2.0-day Np^ y 
and a new activity with a half life of approximately 4.5 days. 

The same activity has been produced in a purer form by the bom- 
bardment of U”’ with deuterons^^ and the bombardment of Pa”^ with 
helium ions.^^ It has been given the assignment Np^^ adthough it may 
possibly be Np™. With purer samples investigators^*’^'' were able to 
show that characteristic x rays accompany the y ray, that the energy 
of the y ray is 1.85 mev, and that a more accurate value of the half 
life is 4.44 days. 

It has been assumed that the mode of decay is electron capture 
since no positron emission or annihilation radiation was detected. 
The experimental methods of looking for these types of radiation 
were, however, very insensitive; and it is possible that at least a 
small percentage of the decay is by positron emission. 

This isotope is produced by the reactions 

U*”(d,3n)Np*** 

U®”(d,n)Np"* 

Pa”*(o,n)Np*“ 


tThe contained approximately 13 per cent of U***, which was the source of the 

Np*** and Np*". 
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3.5 Pu**° . The first evidence for the Isotope was that re- 
ported by Chamberlain, Farwell, andSegre.^” It was possible to predict 
on the basis of known nuclear-reaction yields that should be 

produced by tiie bombardment of with high-energy helium ions by 
the reaction 


U”"(a,2n)Pu*‘® 

with a yield comparable to the yield of Pu^* which is produced by the 
reaction 


U”*(a,3n)Pu“* 

However, in targets bombarded with 3€-mev helium ions no plutonium 
a activity with a range different from those of the known isotopes was 
found. It was observed that the amount of activity at the Pu”* range 
was several times that expected from the known yields of the (a,3n) 
reaction and that this peak was noticeably broadened on the low- 
energy side. It was therefore concluded that this excess of a particles 
was due to Pu**°, which emits a particles with an energy very close 
to but slightly less than those of Pu^’**. On the basis of this broaden- 
ing, the range was taken as 3.60 cm of air; and from the yield of these 
a particles the half life of Pu^° was estimated to be approximately 
6,000 years. 

3.6 Pu”* . The plutonium fraction of uranium targets bombarded 
with helium ions shows a soft /3 -particle activity corresponding to the 
Pu^* decay. This is discussed in another paper in this volume. “ The 
reaction responsible for the production of this isotope by helium ion 
bombardment is 


U*”(a,n)Pu*“ 

3.7 It has been observed that U**’ is produced by the bom- 
bardments of with both deuterons and helium ions. The yields 
are too high to be accounted for by an (n,2n) reaction produced by the 
fast neutrons present in such bombardments, so it is believed that 
the reactions responsible are U*“(a,an)U*®’ and U**(d,p2n)U*”. hi 
the upper layer of a target bombarded with 22-mev deuterons or 
44-mev helium ions these reactions have yields comparable to the 
other prolific reactions such as (d,2n) and (a,3n). 

3.8 Other Isotopes and Reactions . Again referring to the list of 
reactions given in the introduction, there are some reactions which 
have not been observed and some unknown isotopes which should have 
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been produced but have, so far, escaped detection. These reactions 
and products fall into two main classes. 

1. Those in which the product is known or believed to be long lived 
so that not enough activity was produced to be observed easily. These 
Include Np**'', U”“, and U*** as well as those identical with the target 
material, i.e., U"“, U*“, and U*“. 


Table 1 — Summary of the Isotopes of Neptunium and Plutonium 


Isotope 

Type of 


Energy of 
radiation 


Z 

A 

radiation 

Half lUe 

particles 

y, mev 

93 

Np»« or 
Np«» 

E.C.,y 

4.5 days 

Soft e' 

1.8 


Np*“ 

£.C. 

~400 days 

Soft e" 

None 


Np”* 

r 

22 hr 

>0.1 and < 1.2 

? 

(< 1 mev if 
present) 


Np”^ 

a 

2.20 X 10* years 

4.73 

? 


Np*« 

(r 

2.0 days 

1.0 

1.1 

1.3 


Np“* 

r 

2.33 days 

0.70 

0.22, 0,27 

94 

Pu”* 

a 

2.7 years 

5.7 

? 


Pu”" 

E.C. 

40 days 

Soft e" 

None 


Pu*” 

or 

90 years 

5.57 

7 


Pu”* 

a 

2.44 X 10* years 

5.15 

0.05 

0.03 


Pu*” 

a 

~ 6p000 years 

5.1 

7 


Pu**^ 

(a 0.002%) 

^10 years 

<0.1 mev 

(or?) 

? 


2. The time that elapsed between the shutdown of the cyclotron and 
the separation and examination of the separate chemical fractions 
was usually about 36 hr. This means that any activities with half lives 
shorter than 12 or 15 hr would probably not have been detected. It is 
quite probable that most of the remaining isotopes, Np***, Np®*®, Np**^, 
Pu**, Pu*“,t Pu®”, and Np®*® fall within this class. 

The following table gives the isotopes of neptunium and plutonium 
produced by these bombardments and their radioactive properties. 
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4. SUMMARY 

In addition to the well-known Isotopes of neptunium and plutonium — 
Pu*“, Pu*“, Np*”, Np^, and Np*“ — several more isotopes of these 
elements have been produced. 

Np^’* is a /3-particle emitter with a half life of 22 hr. Its daughter, 
Pu^^^, emits a particles with a range of 4.3 cm (energy 5.7 mev); it 
decays with a half life of 2.7 years. Np*“ decays by orbital -electron 
capture with a half life of approximately 400 ± 20 days. A plutonium 
isotope that decays by orbital -electron capture with a half life of 40 
days has been assigned the mass number 237. A neptunium isotope 
(Np*“ or Np“®) has been found which decays by orbital -electron cap- 
ture with a half life of about 4.5 days; its characteristic x rays are 
accompanied by a v ray with an energy of l.B mev. 

U*®"', and Pu*** are also produced in these bombardments. 
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Paper 22.15 


PRODUCTS OF THE DEUTERON AND HELIUM-ION 
BOMBARDMENTS OF U”®t 

By E. K. Hyde, M. H. Studier, and A. Ghiorso 
1. INTRODUCTION 

The bombardment of U”* with energetic deuterons and helium ions 
has been extensively used for the preparation and study of the heavier 
isotopes of neptunium and plutonium. Plutonium was, in fact, dis- 
covered* in the products of a deuteron bombardment of U***. The 
bombardment of lighter Isotopes of uranium with such ions is an ex- 
cellent way to produce the lighter Isotopes of neptunium and pluto- 
nium, which have received no study until recently. The availability of 
samples of uranium highly enriched in U*** and of nearly pure U*” 
has made it possible to carry out such studies. The results of the 
bombardment of U*” with deuterons and helium ions are described 
elsewhere.^ In this report the neptunium and plutonium isotopes pro- 
duced by cyclotron bombardments of U*** are discussed. It was pos- 
sible to draw several conclusions from a correlation of the results of 
the two sets of bombardments. 

Three 10-mg samples of U*** in the form U 3 O, were bombarded in 
the 60-in. cyclotron at Berkeley. ^ Two of the samples, one of which 
contained 4 per cent and the other of which contained 2 per cent of 
natural uranium impurity, were bombarded with 44-mev helium ions 
for 30 and 93 jua-hr, respectively. The third sample, containing 4 per 
cent natural -uranium Impurity, was bombarded with 22 -mev deuterons 

t Contribution from the Department of Chemistry and the Radiation Laboratory, Uni- 
versity of Callfomls, Berkeley, and from the Chemistry Division of the Metalluralcal 
Laboratory, University of Chicago, now the Argonne National Laboratory. 

tThls was carried out with the kind cooperation of Dr. 3 . 0. Hamilton's cyclotron 
group. 
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for 322 |ia-hr. The target material In all cases was mounted on a 
small water-cooled platinum "interceptor” target inserted in the 
center of the cyclotron beam. 

After bombardment the irradiated material was put through an 
extensive series of chemical operations to isolate In a pure state the 
various fractions of major Interest. 

Previous experience on bombardments with 44-mev helium ions 
and 22-mev deuterons had indicated what types of nuclear transfor- 
mations would occur. Figure 1 indicates what neptunium, plutonium, 
and uranium isotopes were expected to be produced in the bombard- 
ment of (and of its main Impurity, U”*). The primary nuclear 
reaction producing an Isotope is indicated in the lower right-hand 
corner of each Isotope square. Broken lines around a square indicate 
that the isotope was unknown at the time these studies were begun. In 
addition to the known isotopes listed in Fig. 1 three other isotopes of 
unknown mass assignment had been observed in bombardments. 
These included two orbital -electron -capturing neptunium Isotopes 
with half lives of 8.3 months and of approximately 5 days whose mass 
assignment could be limited to 233, 234, and 235 and a 40-day orbital- 
electron-capturing plutonium Isotope that was either Pu”'' or Pu”‘. 

The facts that were discovered about the nature of these unknown 
and uncertain isotopes by a study of the U”’ bombardments will now 
be presented. 


2. DEUTERON BOMBARDMENT OF U*” 

The purified neptunium fraction from the deuteron bombardment 
had considerable li activity representing a mixture of Np””, Np””, and 
Np*^'. No new fi activity could be resolved out of this mixture, nor 
could any a activity be detected other than that of the Pu^' and Pu‘" 
growing in from their neptunium parents. 

A very considerable amount of x-ray activity was found. This x-ray 
activity consisted principally of a 4. 40 ± 0.05 day activity with no evi- 
dence even In very active samples for any longer-lived x-ray activity 
(see Fig. 2). There were some x rays of hall life less than 4 4 days, 
but these may well have resulted from Np”*, Np*®*, and Np“**; whether 
I hey Indicated an unknown neptunium isotope could not be determined. 
As mentioned above an x-ray activity of approximately 4 to 5 days 
half life was also observed In bombardments of U®®®wlth 22-mev deu- 
terons.* The only neptunium isotopes that would be produced in both 
bombardments are Np*®* and Np®®®, but no direct evidence was Im- 
mediately available for choosing between them. Orbital -electron cap- 
ture by Np*** or Np*®* would lead to the 2.69 x 10® year a - emitting 
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Products Expected from the Bombardment of (a) U*’* and (b) the U”” Impurity with 22-mev Dculerons 
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Produdta Expected from the Bombardment of (a) U*” and (b) the Impurity with 44-mev Helium Ions 


Fig. 1 — Products expected from the bombardment of U”’ (a) and the U*** impurity (b) 
with 22-mev deuterons; and products expected from the bombardment of U”” (a) and 
the U*** Impurity (b) with 44-mev helium Ions- 
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or the 1 -62 x 10” a -emitting U”””, both of which are so long lived that 
no a growth would be detected In the decay of the neptunium samples 
available. A preliminary assignment of the 4. 4 -day activity to 
was made on the basis of theoretical considerations of O. C. Simpson 



TIME (DAYS) 

Fig. 2 — Decay of x rays andy radiation in the neptunium fraction from the deuteron 
bombardment of Upper curve represents decay measured through 2 g per square 
centimeter of beryllium absorber. Lower curve represents decay measured through 
Ig per square centimeter of beryllium plus 8 g per square centimeter of lead absorber. 


and T. P. Kohman concerning the unlikelihood that would have a 
y ray as energetic (1.9 mev) as that which accompanied the x rays 
(see below) . 

The decay of x ray plus y activity of the neptunium fraction as 
measured through 2 g of beryllium absorber (to cut out the 0 radia- 
tion) in a xenon-alcohol filled Geiger-Mueller tube is shown in Fig. 2. 
Figure 2 also shows the decay through 1 g of beryllium (to cut out p 
radiation) plus 8 g of lead absorber (to cut out x rays) . The identity 


t Lslsr work by Hyde, Bentley, Hagemann, and Wagner, as yet unpubUshed, on the 
fission cross section associated with the4.4-day activity Indicated that It was veryprob- 
ablydue to Ni^. Hence the nuclear reaction Involved In Its formation lsU*"(d,n)Ni)^. 




leae the transuranium elements 

of the half life for decay in the two cases indicates that the x radia- 
tion and the y radiation resulted from the same Isotope. 

The energy of the energetic y ray was determined from a lead 
absorption curve (Fig. 3) made on a sample after the 0 activity had 



Pb ABSORBER (G/SO CM] 


Fig. 3 — Laad-abaorptlon curve for y radiation (hard region) accompanying thed.AO-day 
neptunium Isotope. 

almost completely decayed. The Geiger -Mueller tube was an argon- 
alcohol filled end-window tube/ wrapped in lead, except for the win- 
dow, in order to cut out scattered radiations. The sample was placed 
on the second shelf; the absorbers were placed immediately below the 
window. A mass absorption coefficient of 0.0458 corresponding to an 
energy of 1.9 mev* was obtained for the most energetic radiation. 

The resolution of the lead absorption curve in the low-energy re- 
gion by subtracting out the 1.9-mev component (Fig. 4) revealed a 
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second component with a mass absorption coefficient of 6.3 corre- 
sponding to an energy of 96 kev, which Is about the correct energy 
for a K X ray of uranium. 

With somewhat less certainty a third component could be resolved. 



Fig. 4 — Lead -absorption curve (soft region) for the 4.40-day neptunium Isotope. 


The mass absorption coefficient of this radiation was 21. The nature 
end origin of this radiation has not been completely determined as 
yet. 

The ratio of experimentally observed counts of electromagnetic 
radiation of 96 kev energy to the counts of the 1.9-mev yray varied 
from 2.9 to 1 in a xenon-alcohol filled tube to 2.4 to 1 as . measured 
in an argon -alcohol filled tube. Considering that x rays count less 
efficiently than y rays (about 0.5 per cent as compared to about 3 per 
cent in this case), it is evident that there cannot be 1 y ray emitted 
per K X ray. 

The cross section of the nuclear reaction producing Np*** was cal- 
culated to be approximately 2 x 10*“ sq cm = 0.02 barn. 

An 8.3-month x-ray emitter had been found^ in the. neptunium frac- 
tion from deuteron -bombarded U“'. The possible mass assignments 
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for this isotope would be 235, 234, or 233. Since this x-ray activity 
was absent In the neptunium fraction of the bombardment (see 
Fig. 2) in which no could be present, it may be definitely as- 

signed to Np*®“. 

A search with a crude magnetic setup failed to reveal any evidence 
for positrons. 

No evidence was found for Np?®‘, Np^*, and Np^*. It is possible that 
short-lived radiations from these isotopes were obscured by the p 
background from Np”“, Np”®, and Np”*and the x-ray background from 
Np®®*. Or, more likely, these Isotopes were so short lived that they 
had completely decayed before the chemical separations could be 
performed. A third possibility, namely, that they are too long lived to 
observe, seems unlikely. A search in the uranium fraction for pos- 
sible daughters of neptunium isotopes was futile because of the 10 mg 
of highly radioactive U®®® in this fraction. No activity was found in the 
plutonium fraction of the deuteron bombardment, other than a few 
a counts per minute of Pu®®* and Pu”®. 

A small amount of Pa®®° was found In the protactinium fraction of 
the deuteron bombardment. This was identified by observing the 
growth and decay of U®®** a activity in this fraction (see Studler and 
Hyde® for theoretical curve) and by specifically isolating the first 
daughter of U*®”, Th®®*, and identifying it by its 30.9-mln half life.® 
Pa®®® could arise only from a decay of Np®®® or directly in the bom- 
bardment by the reaction U®®®(d,an)Pa®®®. If Pa®®® arose by a branch- 
ing of the 4.4-day Np®®®, then a 4.4-day a decay should have been ob- 
served, and Pa®®® should have grown into the neptunium fraction. No 
such behavior was noted in any of the neptunium fractions. The best 
data set an upper limit of a branching of Np®®® as 0.01 per cent. By 
using this figure the amount of Pa®®° that could have grown into the 
target material before the extraction of the neptunium fraction was 
calculated, and it was found to be much less than the amount of Pa®®® 
actually isolated. Furthermore, although the 4.4-day Np®®® was ob- 
served in the helium-ion bombardments (see Sec. 3), no Pa®®° was 
Isolated. 

Hence It seems evident that Pa®®® is formed by the hitherto un- 
observed type of nuclear transformation, (d,an). The product was 
observed in spite of the low cross section for the reaction, approxi- 
mately 10~* barn = 10~®® sq cm, because of its short half life and Its 
short-lived a daughters. 

3. HEUUM-ION BOMBARDMENTS OF U®®® 

The neptunium fraction of the helium -Ion bombardment contained a 
considerable amount of p activity, representing a mixture of Np®®®, 
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Np^*, and Np’’*. No new 0 activities were detected. A considerable 
amountof the 4.4-day activity produced bythe reaction U*”(a,p2n)NpF’* 
was observed. The x-ray decay showed a long-lived component, indi- 
cating the presence of the 8.3 -month Np^^” produced bythe reaction 
,pn)Np*^‘, but this decay was not carefully followed In order to 
complete the identification of the half period. 

The fraction of greatest interest in the a bombardments was the 
plutonium fraction, in which in addition to a small amount of Pu*^” and 
Pu33B with or ranges of 4.35 cm and 4.10 cm, respectively, a small 
amount of an unknown a activity of about 4.7 cm range (6.0 mev ener- 
gy) was observed. Only a few hundred or counts per minute of this 
activity were isolated in either of the helium-ion bombardments be- 
cause low beam intensity during the final period of the cyclotron bom- 
bardments allowed nearly complete decay of this isotope before the 
plutonium fractions were isolated. Hence measurements of half life 
and a range were only approximate. Resolution of the a decay of the 
plutonium fraction yielded a half life of 10 hr in one case and of 6 hr 
in another. By measuring the a spectrum of the plutonium fraction in 
a multichannel differential pulse analyzer” at frequent Intervals and 
plotting the specific decay of the 6.0-mev peak, values of 12.5 and 5.1 
hr were obtained for the half life. The a half life may be taken as 
roughly 8 ± 4 hr. 

This previously unknown plutonium isotope was tentatively identi- 
fied as Pu’^ by establishing the presence of its U*”” daughter In the 
uranium fraction. 

To accomplish this, Th“*, the daughter of was isolated from 
one -fifth of the uranium fraction of the second helium-ion bombard- 
ment by coprecipitating it on 1 mg of zirconium phosphate carrier. 
It was found that 2,200 cr counts per minute over and above aback- 
ground of 1,000 counts per minute of decayed with the 30-min 
half life of Th“". 

In addition, samples of the uranium fraction directly plated out 
showed the property of contaminating the or-countlng chambers with 
30-min Th”* recoil activity, a behavior” characteristic of samples of 
Furthermore, analysis of the a spectrum in the multichannel 
differential pulse analyzer of samples of the uranium fraction showed 
peaks at the proper ranges for the protactinium -series a emitters 
although the ratio of this activity to the U””” a activity was too low to 
make very good measurements possible. 

The evidence for the presence of U””” may be taken as conclusive, 
but there is a slight possibility that the U’”°was formed bythe nuclear 
reaction U***(af,a3n)U*“ rather than by a decay of Pu*”. Hence be- 
fore the mass assignment of the 8-hr a emitter can be taken as cer- 
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tain, the growth of must be directly observed in a sample of this 
isotope initially purified from uranium. Such an identification was 
attempted in the second helium-ion bombardment by Isolating a tho- 
rium fraction on zirconium lodate carrier from the plutonium frac- 
tion after complete decay of the 6-hr a activity. The amount of the 
8 -hr activity was so small that the thorium fraction so isolated 
amounted to only 10 counts per minute, which, within rather large 
experimental error, decayed with a 30-min half life. This experiment 
needs to be repeated with a larger sample. 

It is possible that the 8-hr a decay of Pu"* is only an apparent a 
half life resulting from a small a decay branching of a predominantly 
orbital -electron-capturing isotope. The low mass number and the 
fact that the 6.0-mev energy is somewhat low for an 8-hr a emitter 
suggest this. The small size of the samples coupled with the low 
counting efficiency of x rays made the observation of the x rays dif- 
ficult. It was not established whether the few short-lived x rays ob- 
served in the plutonium fraction were of the same hall life as was 
the new a activity. 

Studies of helium -ion bombardments of U”” had revealed a 40-day 
orbital -electron- capturing plutonium isotope that could tentatively be 
assigned either to Pu‘” or to Pu”''. No evidence for such an Isotope 
was found in the helium-ion bombardments of in which Pu*^* 
should be formed in good yield by the reaction U’”(a,2n)Pu””. Hence 
this 40 -day activity may be definitely assigned to Pu”''. 

The lack of any evidence for the Isotopes Pu"®, Pu“®, Pu*®, and 
Pu®^, which were unquestionably formed during the helium-ion bom- 
bardments, indicates that their half lives are short, probably of the 
order of hours or less or, less likely, that they are too long lived to 
observe. 

No evidence for any protactinium isotopes was found after the 
helium-ion bombardments. 

4. EXPERIMENTAL WORK; CHEMICAL SEPARATIONS 

The purpose of the chemical procedures applied to the target mate- 
rial after bombardment was to separate the fractions of major radio- 
active interest, particularly the plutonium and neptunluin fractions, 
from the unchanged U®® (representing 10* a disintegrations per min- 
ute), from the radioactive daughters of U®®, from the daughters of the 
primary bombardment products, and from the radioactive fission 
products formed by the deuteron or helium-ion induced fission of the 
U®® (representing up to several roentgens of 0 and y radiation) . It 
was necessary to carry out these separations rapidly since many of 
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the isotopes being sought were expected to be short lived. Without 
chemical separations no significant measurements would have been 
possible. 

4.1 Carrier Method . In the first helium -ion bombardment a car- 
rier method based on the work of Seaborg and Wah^ was used. This 
method consists essentially of lanthanum fluoride precipitations to 
separates combined neptunium -plutonium fractlonfree from uranium, 
fission products, and other elements. This Is followed by bromate 
cycles in which neptunium is selectively oxidized and In which the 
plutonium is carried on lanthanum fluoride while the oxidized neptu- 
nium remains in solution. For a number of reasons this method did 
not prove satisfactory and was abandoned in favor of the one described 
in detail below. 

4.2 Ignition and Dissolving Step . The UjO, together with the thin 
aluminum foil used to cover It during the bombardment were ignited 
to 750° C for 20 min in a small crucible in order to remove several 
milligrams of Insoluble carbonaceous material resulting principally 
from the carbonizing of the organic cement used to hold the aluminum 
foil in place. The U,0, was then dissolved in nitric acid, assayed 
radloactlvely, and pipetted into a 30-ml Kjeldahl flask. Here the plu- 
tonium and neptunium were oxidized by making the solution 0.2M in 
KBrO, and by heating to 95 °C for 20 min. Solid ammonium nitrate 
was added to make 5 ml of solution ION in NH^NC^ and IN in HNO,. 

4.3 Ether Extraction . This solution was then subjected to an ether 
extraction. Previous experiments under the conditions of the extrac- 
tion had shown that of all the elements present, the nitrates of only 
elements 92, 93, and 94 would be extracted. The extraction was ade- 
quate for the separation of pure neptunium and plutonium fractions 
and served to reduce the physiological hazard from the intense I3 and 
y radiation. 

The first solution was shaken with 15 ml of ethyl ether for 1 or 
2 min. The aqueous phase was frozen out in a dry ice -acetone bath 
to permit pouring the ether phase out of this flask into a second 30-ml 
Kjeldahl flask. In this second flask the ether layer was shaken with 
5 ml of a wash solution consisting of ION NH^NO,, IN HNO^, and 0.2M 
KBrO,. After these two phases had been equilibrated and the aqueous 
phase had been frozen In the same manner, the ether was shaken with 
two more wash solutions in two succeeding Kjeldahl flasks and then 
equilibrated with 5 ml of pure water in a final flask. This final water 
solution removed the heavy metal nitrates that had been extracted into 
the ether. The stripped ether was returned to the original flask and 
the entire process was repeated. Six such cycles were carried out. 
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4.4 Extraction at a Pure Neptunium Fraction . The water solution 
in the last Kjeldahl flask was assayed for and then evaporated to 
dryness in a 5 -ml beaker. The nitrate salts were converted to chlo- 
ride by repeated evaporations to dryness with hydrochloric acid. 

The residue was taken up in 1 ml of a solution 5N In hydrochloric 
acid, O.IM in potassium iodide, and O.IM in hydrazine. This solution 
was heated in boiling water for 2 min. Under these conditions nep- 
hmlum is rapidly reduced to the tetrapositive state, and plutonium is 
reduced to the tripositive state. The solution was then diluted to 10 ml 
and again heated for 1 min. Under these conditions the hydrazine 
rapidly reduces the free iodine back to iodide and prevents a slow 
reoxidation of neptunium. t 

The solution was then shaken for 20 min with 10 ml of a 0.1 5M solu- 
tion of thenoyltrifluoroacetonet in benzene. This organic complexing 
agent under the conditions used extracts neptunlum(IV) but falls to 
extract plutonium(in) and uranium(VI) . 

4.5 Extraction of a Protactinium Fraction . A protactinium frac- 
tion was isolated from the first aqueous layer of the original ether 
extraction by extraction with diisopropyl ketone. The extraction of 
protactinium with dllsopropyl ketone is based on the work of Hyde 
and Wolf." 

First the residual U""" a activity left behind in the solution by the 
ether extraction (even 0.1 per cent would represent 10" disintegrations 
per minute) was reduced by exhaustive ether extraction with six 
15 -ml portions of fresh ether. 

Then the acidity of the solution was adjusted to IN, and the prot- 
actinium was extracted from the solution with 15 ml of dllsopropyl 
ketone. After the aqueous phase had frozen out, the ketone was poured 
into a second 30-ml Kjeldahl flask in which it was contacted with 5 ml 
of a wash solution of composition 3N NH^NOg and IN HNO,. The ketone 
was equilibrated with another of these wash solutions before being 
placed in a final flask in contact with 7 ml of 0.05M HNO3. This last 
solution reextracted' the protactinium (if any) from the ketone. The 
ketone was then returned to the original flask and was put through 
the same sequence two more times. The final aqueous solution was 
changed at the end of each cycle. The combined aqueous solutions 
from the final flask were combined. Aliquots of this solution were 
subjected to radioactive analysis. 


tThese condltlonB are based on the work of L. B. Magnusson. 
tThls reagent was developed and Introduced for the extraction of heavy metals by 
the organic group at Berkeley under the direction of Dr. Calvin. 
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5. SUMMARY 

Information concerning the lighter isotopes ol neptunium and pluto- 
nium has been obtained by studying the products of the bombardment 
of U”®with deuterons and helium ions from the 60-in. cyclotron. Np“^ 
Is shown to be an orbital-electron-capturing Isotope of 4.40 ± 0.05 
days half life with an associated y ray of 1.9 mev energy. Evidence 
is presented that the Isotope Pu”^ decays by the emission of a par- 
ticles of approximately 6.0 mev energy with an apparent half life of 
fl ± 4 hr. 

Pa^^® is shown to be produced by a (d,«nj reaction. 

By correlation of information from these bombardments with in- 
formation obtained by others* from bombardments of Np”® is 
identified with an 8.3-month orbital-electron-capturing Isotope, and 
Pu“'* is identified with a 40-day orbital-electron-capture decay. 

From the failure to find any evidence for plutonium isotopes of 
mass 231, 232, 233, and 235, and for neptunium isotopes of mass 
numbers 231, 232, and 233, some conclusions regarding their half 
lives are reached. 
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Paper 22.16 


THE BOMBARDMENT OF Np”^ WITH DEUTERONS AND 
HELIUM lONSt 

By R. A, James, S. G. Thompson, and H. H. Hopkins, Jr, 


After bombardments of and had produced isotopes of plu- 
tonium with masses 236 and 237 (reference 1), it was thought advis- 
able to verify these findings by producing the same Isotopes by deu- 
teron bombardment of Np*’’'. Helium -ion bombardment of Np’” should 
produce some unknown isotopes of americium as well as some of the 
same plutonium Isotopes as are produced by helium -ion bombard- 
ment of and deuteron bombardment of Np’’^. Both kinds of bom- 
bardments were made with 22-mev deuterons and 44-mev helium ions 
produced by the 60-in. Berkeley cyclotron. This paper describes the 
results of these bombardments. 

1. EXPERIMENTAL WORK 

The targets for bombardment were prepared by mounting 10 to 15 
mg of Np^ as the oxide on small grooved platinum interceptor tar- 
gets approximately 0.8 sq cm in area. This Interceptor was then 
bombarded in the Berkeley cyclotron directly in front of the regular 
target disk. 

After bombardment, the neptunium was scraped off the platinum 
backing under water; it was then fumed to dryness in sulfuric acid 
and the residue was dissolved in 2M HNO^. 

Lanthanum carrier was then added to this solution; and after the 
neptunium and plutonium had been oxidized to their hexapositive 
states with argentic ion, americium was coprecipitated with lantha- 
num by the addition of hydrofluoric acid. This lanthanum fluoride 


tContributlon from the Department of Chemistry and the Radiation LAboratory.Unt- 
verelty of California, Berkeley, and from the Chemistry Division of the Metallurgical 
Laboratory, University of Chicago, now the Argonne National Laboratory, 
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was dissolved and reprecipitated several times, the neptunium and 
plutonium having been oxidized to the hexaposltive state each time 
before addition of hydrofluoric acid. The activity of the final lantha- 
num fluoride precipitate after this treatment was due to americium 
and to rare-earth fission products. Approximately 25 per cent of this 
fraction was then set aside, and plutonium -neptunium fractions were 
separated from it periodically by ether extraction for the purpose of 
locating neptunium and plutonium daughters of americium isotopes. 
The remaining 75 per cent was fractionated from the rare earths by 
the use of the fluosilicate -fluoride cycles described in another paper 

The neptunium and plutonium contained in the supernatant liquid 
after precipitation of americium with lanthanum fluoride were reduced 
with sulfur dioxide; an insoluble fluoride compound of neptunium that 
also carried the plutonium was thus precipitated. This fraction was 
then further purified from the fission products by extraction of plu- 
tonium and neptunium(VI) nitrates into ether from a lOM NH 4 NO^ 
solution. 

Plutonium and neptunium were separated from each other by re- 
ducing the neptunium to its tetrapositive state and reducing the pluto- 
nium to its trlposltlve state with potassium iodide in 5M HCl, and by 
extracting the neptunium, after a tenfold dilution, into a 0.2M solution 
of a-thenoyltrifluoroacetone in benzene.’ 

The characteristics of the activities of each of the fractions were 
then studied to determine their energies and half lives. 

2. RESULTS 

2.1 Deuteron Bombardment . A pulse -analysis curve of the a 
activities of the combined neptunium -plutonium fraction before sepa- 
ration of these two elements gave the percentages of the various 
components as listed in the acepmpanying table. 


Range, cm 

Isotope 

Percentage 

3.25 

Np”’ 

84.3 

3.68 

Pu*** 

2.6 

4.00 

Pu« 

1.6 

4.35 

Pu" 

11.5 


The Pu”’ was not produced in the bombardment but was present as 
an impurity in the Np”'' before bombardment; this was shown by a 
pulse -analysis curve determined for a sample of the original nep- 
tunium. 
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The bombardment was 483 fia-hr or 1.36 x 10^* deuterons per 
square centimeter; if 2.7 years and 90 years are taken as the half 
lives of Pu“®® and Pu®®®, respectively, then the cross sections for 
their production (total for all reactions) are 

Pu*®® = 0.0094 barn 
Pu®®* - 0.071 barn 

A Geiger -Mueller activity that decayed with a half life of 40 days 
was also found in this plutonium fraction. Absorption curves in alumi- 
num, lead, copper, and beryllium showed that this activity consisted 
of electromagnetic radiation with 110-kev and 16-kev components and 
some very soft radiations that appeared to include both particles and 
electromagnetic radiation. No y rays with energy greater than the 
110-kev component were found. The radiations have been interpreted 
to be the K and L x rays characteristic of neptunium arising from a 
plutonium isotope decaying by electron capture. The characteristics 
observed here agree in all respects with the 40-day plutonium isotope 
found in helium-ion bombardments of U®®®, and the isotope is believed 
to be Pu®®’.‘ 

If it is assumed that one K x ray is emitted per disintegration and 
that the counting efficiency for these K x rays in a bell-type Geiger- 
Mueller tube filled to 10 cm Hg pressure with argon-alcohol mixture 
is 0.5 per cent, then the cross section for formation of Pu®®^ is 0.0024 
barn. 

That the cross section for formation of Pu®®® is approximately one- 
fourth that of Pu®®® and one -thirtieth of that of Pu®®® can be at least 
partially explained by the fact that Pu®®’ is produced only by the (d,2n) 
reaction whereas Pu®®® is produced by the two reactions 


Np®®''(d,3n)Pu®®« and Ni)®®®(d,p2n)Np®®® -111 Pu®®* 


and Pu®®® is similarly produced by the two reactions 

Np®®®(d,n)Pu®®® and Np®®’(d,p)Np®®® -1 Pu®** 

2.2 Helium-ion Bombardment . At the time of this bombardment 
no satisfactory method for complete separation of americium and 
curium from the fission-product rare-earth elements had been de- 
vised. For this reason very little can be said about the radiations of 
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the expected americium isotopes, Am^®® to Am“°, inclusive. Some 
of the daughters of these americium isotopes for various assumed 
modes of decay are, however, well-characterized isotopes of curium, 
plutonium, and neptunium; some limitations can therefore be imposed 
upon the allowable half lives for these possible modes of decay. 

Beta particles or electrons having an energy of approximately 
1 mev and decaying with an approximately 2 -day half life were ob- 
served in the radioactivity of the americium-curium fraction; and, 
from the behavior of this activity in fluosilicate -fluoride cycles, it 
would appear to be an isotope of americium or curium. Of the ameri- 
cium isotopes expected as products, the ones most likely to decay by 
negative jS-particle emission are Am^^*^ and perhaps Am^®®. Fairly 
good evidence was found that Am^®® decays to Pu^®®, as will be dis- 
cussed later; this eliminated Am^®® as a source of particles. Since 
no Cm^^° a particles'* were found in this fraction, Am^^° cannot be a 
/^-particle emitter with a half life less than 10 years. The most rea- 
sonable explanation for these particles seems to be that they are very 
energetic conversion electrons coming from a y ray emitted by one of 
the americium isotopes either in an isomeric transition or accompa- 
nying decay by electron capture. Such energetic conversion electrons 
are relatively rare, but they have been observed, as, for example, in 
the RaC line with an energy of 1.4 mev.t 

The daughter of Am*®® [formed by the (a,3n) reaction] would be 
Pu*®® if it decayed by electron capture or positron emission. The 
amount of Pu*®® found gives a cross section for its production of 0.12 
barn. This relatively large cross section agrees with that expected 
for the (o!,3n) reaction, and it is too large to be accounted for by the 
(a,p2n) reaction. It therefore seems reasonably certain that Am*®® 
decays either by positron emission or electron capture to Pu*®® with 
a half life of a few days or less. 

To summarize, no a particles were observed from the americium 
isotopes Am*^°, Am*®®, Am*®®, Am*®^, and Am*®®, and the half life for 
ot emission of the isotope giving rise to Geiger -Mueller activity in 
the americium fraction must be less than 1 day or longer than 10 
years. The isotope Pu*®® was found in an amount sufficiently large to 
suggest that Am*®® decays by electron capture or by positron emission 
with a short half life (a few days or less). 

No Cm*^° was found, and this eliminated the possibility that Am*^° 
was a 0 emitter with a half life of less than 10 years. It may de- 


tSlnce the writing of this paper the 2 -day activity has been investigated further 
and assigned to Am"^. 
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cay with a short half life by orbital -electron capture with a-decay 
branching. 


3. SUMMARY 

The bombardment of Np*” with deuterons has produced Np^**, Np*”, 
Pu”', Pu”', and the 40-day electron-capture plutonium, which Is 
probably Pu*”^. Hellum-lon bombardment produced some Gelger- 
Mueller activities that may be due to Isotopes of americium, but 
definite assignments cannot be made at this time. 
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THERMAL NEUTRON FISSION PROPERTIES OF Np*”t 
By A. Ghiorso, D. W. Osborne, and L. B. Magnusson 


Thermal (l.e., cadmium -absorbable) neutron-fission measurements 
were first undertaken on Np^” samples to determine the extent of 
Pu^’* contamination. The early measurements were handicapped by 
insufficient sensitivity of the fission pulse -counting apparatus; how- 
ever, it was determined that a small fission rate observed with Np^’’' 
samples was unaffected by repeated purifications from Pu‘’”. It was 
deduced that the thermal neutron -fission cross section of Np‘” must 
be approximately 0.01 x 10"** sq cm. 

Since the fission cross section of Np^^'' is small compared to that 
of Pu”* and since it is formed as a by-product in chain-reacting piles 
for production of plutonium, careful purification from plutonium is 
required to reduce the fission rate due to Pu^’* to a few per cent of 
that due to Np*”. 

Recently it has been possible to follow the course of purification 
of Np*” by using Pu”* as a tracer. The Pu*®* tracer was formed in 
the Np®®'' sample by Irradiation with neutrons in the Hanford reactor 
according to the reaction Np*®''(n,y)Np®®* ^ Pu*®*. The Np*®’ used 

had been highly purified prior to irradiation. After irradiation, plu- 
tonium and neptunium fractions were separated and purified, and fis- 
sion measurements were made on the plutonium fraction which showed 
Pu®®* to be present to the extent of less than 3.1 per cent of the Pu®®® 
by weight.® The neptunium fraction was further purified by three 
extractions into a benzene solution of a-thenoyltrifluoroacetone by the 
use of a procedure® in which ammonium iodide under controlled con- 
ditions reduced plutonium to the nonextr actable tripositive state. The 


tContributlon from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 
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final content of the sample, as determined by o-pulse 

analysis,’ was 1.5 per cent by a activity or 6 x 10~’ per cent by 
weight, and the Pu’’* content was therefore less than 0.031 x 6 x 10~’ 
per cent, or 2 x 10“® per cent. 

A thin sample for fission measurements was prepared by electro- 
plating by use of a method* similar to that which has been used for 
uranium.’’* A platinum foil 2.5 cm in diameter was attached with rub- 
ber cement to the ground bottom edge of a glass cylinder, and the 
whole was held firmly with rubber bands against a stainless -steel 
plate immersed in a water bath at SOT. The cylinder contained the 
purified neptunium, previously oxidized to Np(VI) by means of potas- 
sium bromate, in O.OIM HNO, and 0.03M ammonium oxalate. The 
anode was a platinum wire wound tightly on a glass stirrer, and the 
platinum foil was the cathode. After electrolysis with stirring for 1 hr 
at 0.6 amp, the platinum foil was removed from the cylinder, washed 
with methanol, air -dried, and flamed. The mass of the Np”’' was 
determined by a counting to be 142 x 10"® g. 

The fissionability was measured in a sensitive ionization chamber*' 
inserted in the thermal column of the Argonne heavy-water reactor. 
The fission rate of the Np”’ sample was compared under identical 
neutron-flux conditions with that of a standard thin sample of Pu”®. 
A fission rate of 6,000 fissions per minute was observed for the Np”’' 
sample. Assuming that all the fissions observed were due to Np’” and 
using the known thermal neutron -fission cross section of Pu”®, the 
thermal neutron-fission cross section of Np®’^ was determined® to be 
0.019 x 10"®* sq cm. This cross section is for fission by neutrons 
with a Maxwellian distribution of energy corresponding to a tempera- 
ture of 293“K. 

The thermal nature of the neutrons employed was confirmed by 
repeating the measurements with the fission chamber surrounded by 
a cadmium shell 0.027 cm thick. Under these conditions the fission 
rates were reduced by a factor of 100 or more. 

The error due to the plutonium present in the purified neptunium is 
less than 0.001 x 10"®* sq cm. Errors due to counting statistics and 
self-absorption of the fission particles are not greater than a few 
per cent at most. However, in view of the ever-present danger of 
accidental contamination of the samples with fissionable material, 
conservative limits of error have been set, rather arbitrarily, as 
±0.003 X 10'®* sq cm. 

Summary . The thermal neutron -fission cross section of Np®’® has 
been determined to be 0.019 x 10“®* sq cm. 
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Paper 22.29 


fflGH-SENSITIVITY APPARATUS FOR FISSION COUNTING t 
By A. Ghlorso and W. C. Bentley 


1. INTRODUCTION 

In order to make the most of the thermal neutron-fisslonabillty 
tests that have been performed In this laboratory, it has been found 
necessary to develop radically new and different techniques for meas- 
uring fission recoil fragments. Since the isotopes that must be meas- 
ured are for the most part obtainable In only very small quantities, 
l.e., less than 1 |ig, it is necessary to use very high neutron fluxes to 
secure reasonable counting rates. It was found early that a conven- 
tional fission chamber would not work properly at a high flux. The 
cause for failure was found to lie in the secondary radiation effects 
from the capture of neutrons by the materials that make up the cham- 
ber. It is possible that the effect, a tremendous ‘'hash” background, 
can be attributed to electrons from the conversion of high-energy y 
rays from the (n,y) process. Also, it soon became apparent that the 
metal walls of the chambers, usually 2S aluminum or stainless steel, 
contained a large amount of fissionable contaminant. This “natural” 
contamination corresponded to approximately 1 ppm of uranium. A 
third major problem that had to be contended with was the very large 
amount of Induced radioactivity (0 and y) that was obtained with ordi- 
nary chambers when placed in a very high neutron flux. The health 
hazard was serious enough to make impossible any rapid or extensive 
measurements. 

A solution to all three troubles was obtained by constructing the 
fission chamber and accessories of Incite and bakelite, with a mini- 
mum of metal exposed to the neutrons inside the thermal column. 


t Contribution from the Chemistry Division of the Metallurgical Laboratory. Uni- 
versity of Chicago, now the Argonne National Laboratory. 
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Necessary conducting surfaces were silvered with a quick-drying sli- 
ver paint, which was found to be comparatively low In fissionable con- 
taminants. A remote -control loading and unloading mechanism for 
changing samples was developed. For this purpose the sample plates 
were fastened to silvered luclte disks, which were then Inserted Into 
the chamber. Commercial argon was passed at atmospheric pressure 
through the chamber, the design of which was such that It could be 
quickly and easily replaced by another in case of accidental contami- 
nation. The preamplifier was housed in a cadmium shield placed about 
1 ft from the chamber. The rest of the amplifier and scaler circuits 
were the conventional ones, suited to fast-electron collection. These 
measures resulted In a fission -counting apparatus with a very high 
signal-to-hash ratio, a backgroimd rate of approximately 35 fissions 
per minute (due chiefly to residual uranium contamination in the sli- 
ver paint and the luclte), and ease and safety of handling, which were 
quite satisfactory. 

Since the neutron-flux level may vary as much as 1 per cent over a 
period of minutes, it is necessary to monitor this intensity. The most 
accurate method developed was one which required the use of an 
exactly similar chamber and circuit The monitor chamber was 
mounted directly over the sample chamber, and since it was identical 
with the latter it could be used interchangeably for the sample or the 
monitor. 


2. DESCRIPTION OF APPARATUS 

Figure 1 is a cross-sectional drawing of the removable fission 
chamber. The materials of construction for the chamber are lucite 
and 2S aluminum (cross-hatched). A bakelite tube, O, supports the 
chamber in position in the neutron flux and carries the electrical 
leads and the small stainless -steel tube that supplies argon to the 
chamber. The removable fission chamber is held rigidly to the bake- 
lite support by two stainless-steel springs. Tbe electrode system 
consists of the lucite plate A, carrying sample C, and the lucite semi- 
spherical piece B. The lucite is made conductible by painting it with 
metallic silver paint (DuPont # 4617). The plate A is at ground poten- 
tial, and the collecting electrode B is maintained at about +250 volts. 
The insert piece D is removable for easy cleaning of tte chamber 
in case of accidental contamination. The argon gas, which flows 
through the chamber at atmospheric pressure, is delivered through 
tube L Into annulus M, and feeds through four holes such as J into the 
sensitive volume of the chamber. The gas escapes through small 
slots milled in the face of the lucite piece E, which is used to hold in 
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place the luclte disk on which the sample plate is mounted. Since the 
collecting electrode is also the high-voltage electrode, any capaci- 
tance of the connecting lead to ground acts as an ionization chamber. 
To reduce collection of electrons arising from ionization in these 



Fig. 1 — Cross section of removable fission chamber. 


regions, air vents, such as R, are provided so that any argon leaking 
into such cavities is diluted heavily with air. In addition to this the 
silver -painted bakelite tube S, which surrounds the lead from cham- 
ber to amplifier, is connected to the high-voltage supply, so that it 
serves as a guard ring and shields this lead from unwanted pickup. 

Figure 2 shows one-half of the complete assembly, which is placed 
in the neutron beam. An identical unit is placed immediately above 
the one shown and fastened to it The preamplifier of each unit is 
housed within a cadmium shield, not only to keep it from becoming too 
radioactive but also to protect the vacuum tubes from slow -neutron 
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POST FOR attaching r— THIS SPACE ENCLOSED 
LIGHT METAL POLE j IN CADMIUM SHIELD 
POLE USED TO 

SHOVE chamber / STAND PLUGS IN 

INTO PILE ™7 / \ place HERE 



v This space filled 
,with paraffin 

\ ^ LEAD FROM COLLECTING ELEC. 


^'chamber head ATTACHED HERE-? 



HOLE FOR CABLE \ ^STAND FOR ASSEMBLY OF —SHIELD CONNECTED BAKELITE 

CONNECTOR PREAMPLIFIER UNIT TO B + 


Fig. 2 — Cross section of composite fission chamber showing some of construction 
details. 



Fig. 3 — Preamplifier circuit. 


bombardment, which over a period of time would cause them to de- 
teriorate. In order to facilitate servicing, the preamplifier is built 
on a metal plate, which plugs into place on the assembly. 

The amplifiers and scaling circuits used for the two chambers are 
of the standard last type, which have been in use at the Argonne Lab- 



1646 


THE TRANSURANIUM ELEBUENTS 



BATT 



HIGH -SENSITIVITY APPARATUS FOR FISSION COUNTING 



1647 


Fig. 4a and b — Amplifier circuit 
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oratory for some time. Figures 3 and 4 show the circuits for the pre- 
amplifier and amplifier. As indicated, the preamplifier consists of a 
6AK5 moderate-gain amplifying stage, driving a 6J6 cathode -follower 
output. The signal from this tube is fed through the 3 5 -ft power and 
output cable to the main amplifier, and then finally into the scaling 




Fig. 5 — Sample changer. 


circuit (scale of 512). To obtain the greatest precision, the two scal- 
ers are turned on simultaneously by means of relays operated by one 
switch. 

It is necessary to shield the chamber and accessories from the 
operator when changing samples, since many roentgens of |3 and y 
activity are induced in the counter assembly after only a few minutes 
of exposure to the neutron beam. For this purpose a lead cave, built 
on a strong movable wooden stand, is used at the face of the thermal 
column. The whole double assembly is moved, by means of a long 
duralumin pole, from the thermal column into the cave. The operator 
is always at a safe distance during this operation. 

Figure 5 is a sketch of the remote sample -changing mechanism. As 
many as six of the silvered lucite disks, bearing sample plates, are 
held in this device by springs acting on opposite edges of the disks. 
The disks held in the sample changer may be slipped into the fission 
chamber from the side, and, when they are exactly centered In .the 
chamber, the sample changer is pulled loose from the disk. Sam- 
ples are removed in a similar manner by fitting the changer onto the 
sample-bearing disk as it is mounted in the fission chamber and then 
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sliding the disk out. The sample -changing device Is mounted at the 
end of an aluminum pole so that the operator need come no closer 
than 4 to 6 ft from either the fission chamber or the recently Irradi- 
ated samples. 


3. OPERATING CHARACTERISTICS 

The resolvlng-power loss of the fission-counting circuit has been 
determined experimentally to be 1.5 per cent per 10^ fission counts 
per minute. For most purposes this is satisfactory, since the counting 
rates are usually less than 50,000 coimts per minute. 

The tolerance of the chamber was found to be 10'' to 10* a particles 
per minute. This Is somewhat below the a -particle tolerance level 
usually obtained with a fast fission coimter. and is due chiefly to the 
fact that the a particles emitted from the sample travel a fairly long 
distance (1 cm) before they strike the walls of the chamber. Ordi- 
narily a spacing of approximately 2 mm is used in fission chambers, 
and, since the specific ionization of a fission-fragment recoil is much 
greater at the beginning of its range, a maximum ratio of fission pulse 
to a pulse is obtained in this manner. However, lor our purpose it 
was more important to discriminate between the fission pulses and 
the high hash level caused by the secondary effects of the capture of 
neutrons. For this purpose a larger spacing was found to be more 
satisfactory. 

The 13 tolerance of the chamber has not been measured, but has 
been estimated to be as high as several curies. Under maximum flux 
conditions, the fission pulse-to-hash ratio for a thin sample is 20 or 
more. 

Perhaps the greatest error encountered in fission measurements 
is the uncertain loss of counts due to absorption of the fission frag- 
ments by the material of the sample itself. The ranges of the recoils 
in air are between 1.5 and 2.5 cm and are therefore readily absorbed 
by even a thin sample. A rough estimate of whether a sample has too 
much self -absorption is usually obtained by noting the ratio of count- 
ing rates between a high- and a low-amplifier gain setting. For a 
very thin sample, the difference in these two rates is approximately 
1 per cent. For a very thick sample this difference may Increase 
to as much as 15 per cent. 

At maximum sensitivity the normal background is 15 to 50 fissions 
per minute, so that much of the time this quantity is the limiting fac- 
tor in determining the accuracy of a measurement. The exact back- 
ground level that can be obtained is somewhat variable. It has been 
found advantageous to purify a platinum solution from uranium and 
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then to electroplate from this solution a thick coating on the 1-mil 
thick platinum disks on which the samples are mounted. The surface 
of the inner Incite cup is usually painted with Amphenol coU dope, 
which fortuitously had been found to be relatively free of uranium 
contamination, 
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THE BOMBARDMENT OF U”® WITH 44-MEV HELIUM IONS 
AND THE FORMATION OF Pu***t 

By I. Perlman, P. R. O’Connor, and L, 0. Morgan 


An Isotope of plutonium having an observed half life of 8.5 ± 1 hr 
has been identified among the transmutation products of the nucleus 
U®®® that had been bombarded with 44-mev helium ions. The activity 
was first detected by Hyde, Studier, and Ghiorso,® who isolated the 
plutonium fraction from a sample of bombarded U®®® and observed the 
decay of the total a activity in this fraction. 

Our studies have confirmed the formation of this short-lived plu- 
tonium isotope by the helium -ion bombardment of U®®® and have re- 
sulted in the isotopic assignment Pu®®*. Although the isotope is most 
easily identified by the observation of the a particles associated with 
its decay, the predominant mode of disintegration may be orbital- 
electron capture. 

A total of three bombardments of U®®® with helium ions were carried 
out. In each bombardment approximately 3 mg of U®®®, as UjOg, was 
spread on small platinum plates having an area of 0.9 sq cm. These 
plates were placed in the target chamber of the 60-ln. cyclotron at 
Berkeley in such a way as to intercept the most intense portion of the 
beam of accelerated helium ions (44 mev energy) . Each sample re- 
ceived a total bombardment of about 20 n a-hr over a period of 10 to 
20 hr. The samples were then dissolved and subjected to chemical 
processes that were designed to separate relatively pure neptunium 
and plutonium fractions from the other elements that might be pres- 
ent. Samples of these fractions were then examined with the use of 


tContrlbutlon from the Department of Chemistry and the Radiation Laboratory, Uni 
verelty of California, Berkeley. 
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thln-wall Geiger -Mueller counters, a -particle counters, and an a- 
particle pulse -analysis apparatus.’ This pulse -analysis apparatus is 
an instrument designed to sort, according to their energy, the elec- 
trical pulses caused by the passage of a particles through an ioniza- 
tion chamber. With the use of this instrument approximate energies 
of groups of a particles can be obtained by comparison with known 
standards. 

In each plutonium fraction the total a activity was observed to de- 
cay initially with a half life of 6.5 ± 1 hr. In addition, there was pres- 
ent a background activity, which did not decay appreciably oier a 
period of several months. Upon examination of the activities with the 
a-pulse-analysis apparatus, there was found a group of a particles 
having an energy of 6.2 ± 0.1 mev. This group decayed with a half life 
of about 9 hr. Another group was observed with 5.75 mev energy. 
This group did not decay in a period of several months. The charac- 
teristics of this group are those of the a particles from Pu’”, which 
could have been formed by the reaction 

U’”(a,n)Pu“® 


or 


U’”(o,p)Np“*; Np”" Pu”* 

The yield of the latter reaction is probably low since no 17 -hr nega- 
tive 0 -particle activity was observed in any of the neptunium fractions. 

The decay of the 8.5-hr a-partlcle activity was accompanied by the 
growth of long range or particles. One of the possible assignments 
for the 8.5-hr activity is Pu”*, which Isotope would be consistent with 
the growth of a activity of and its disintegration products.’ This 
process was confirmed by isolation and identification of the 30-min 
Of activity of Th”®, the daughter of U”®. 

Another possible mechanism that would fit the same data would con- 
sist of the decay of the 8.5-hr Pu”® by orbital -electron capture to a 
short-lived Np^’^a emitter, which in turn would give rise successively 
to Pa”®, U”®, and its decay products. However, it has been found that 
Np”® probably decays with 4. 4 -day half life by orbital -electron cap- 
ture® so that the a particle undoubtedly belongs to Pu”®. This mech-: 
anism was also ruled out by Isolating the protactinium fraction from 
the initial plutonium fraction and finding no evidence for the growth 
of U”® and its products after a one -month period. 
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On the basis of the above results the following decay sequence may 
be written: 


U”® — ^ Th*“ Ra“* 

9 hr 21 day 30 min 


The original plutonium fractions also contained a considerable 
amount of Geiger -Mueller counter activity consisting of radiation ca- 
pable of penetrating 7 mg/sq cm aluminum. This activity could par- 
tially penetrate 2 g/sq cm of Be but was stopped with 2 g/sq cm of Be 
and 100 mg/sq cm of Pb in combination. This is strong evidence that 
there is soft electromagnetic radiation, which may be either low 
energy y rays or x rays. This observed activity decayed initially with 
a half life of 8 ± 1 hr and gradually underwent transition to a half life 
of 4.5 days. The data are compatible with the orbital-electron capture 
of Pu*®* to yield Np®“, which decays by orbital -electron capture with a 
half life of 4.4 days although the Np®®^ was not isolated for identifica- 
tion. The amount of 4.5-day activity was approximately that expected 
to be formed by the decay of an 6 ± 1 hr parent. However, later work 
by Street, James, and Seaborg® would indicate that there is less elec- 
tromagnetic radiation associated with Pu®®* than was found in these 
experiments. As a result it is not possible to determine the K/a 
branching ratio within wide limits. 

The neptunium fractions also contained 4.5-day Geiger -Mueller 
counter activity, probably owing to the decay of Pu*®* to Np*** previous 
to the separation of plutonium and neptunium as well as to direct for- 
mation by the reaction U**®(a,p2n)Np®®*. 

Summary . The isotope Pu®®^ has been identified as a product of the 
bombardment of U®®® with 44-mev helium ions. Its mass assignment 
was made by the identification of members of the U®®® series following 
its decay. The isotope Pu®®® has a half life of 8 to 9 hr and probably 
decays by orbital-electron capture as well as by a -particle emission. 
The a particles from Pu*®^ have an energy of 6.2 ± 0.1 mev. 

The isotopes Pu®®* and Np®®* were also observed as products of the 
44-mev helium -ion bombardment of U®®®. 

ACKNOWLEDGMENT 

The authors are indebted to Dr. J. G. Hamilton and his group, who 
carried out the bombardments with the 60-in. Berkeley cyclotron. 



1654 THE TRANSURANIUM ELEMENTS 


REFERENCES 

1. E. K, Hyde, M. H. Studler, and A. Ghlorso, Products of the deuteron and hellum-lon 
bombardments of U**', Paper 22.15, this volume (Metallurgical Project Report CB- 
3736). 

2. A. Ohlorso, A. H. Taffey, H. P. Robinson, and B. Welssbourd, A 46'Channel pulse- 
height analyzer for alpha-energy measurements, Paper 16.8, this volume (Metal- 
lurgical Project Report CC-3667). 

3. M. H. Studler and E. K. Hyde, National Nuclear Energy Series, Division IV, Volume 
17 B; Phys. Rev., 74: 591 (1946). 

4. R. A. James, A. E. Florin, R. H. Hopkins, Jr., and A. Ghlorso, Products of hellum- 
lon and deuteron bombardment of U*’* and U**', Paper 22.8, this volume. 

5. K. Street, R. A. James, and G. T. Seaborg, private communication. 



Paper 22.50 


A GENERAL METHOD FOR DETERMINING COINCIDENCE 
CORRECTIONS OF COUNTING INSTRUMENTSt 

By T. P. Kohman 


1. lNTRODUCTIO^ 

All instruments that count random events, such as those encoun- 
tered in the measurement of radioactivity, have finite resolving 
powers and therefore are unable to distinguish and record separately 
events that occur very close together In time. As a consequence some 
counts are missed; the fraction lost Increases as the counting rate 
increases. This results in a nonlinear variation of the response of 
the instrument to the intensity of the source of events. The difference 
between the recorded rate and the true rate (i.e., the rate that would 
be observed if the instrument could count all events to which it is 
normally sensitive) is called the “coincidence loss" or “correction." 

In practice coincidence losses are often appreciable. Therefore, 
in order to obtain accurate measurements in radioactivity with count- 
ing instruments, it is necessary to correct the recorded counting 
rates for this effect. Moreover, the useful upper limit of a counter is 
greatly extended by a knowledge of its coincidence corrections. Coin- 
cidence-loss measurements also supply valuable information about 
the mode of operation of counters and provide a useful guide in im- 
proving Instruments in order to decrease their losses. 

The problem has received attention for a number of years, and 
several methods of determining and applying coincidence corrections 


t Contribution from the Technical Department, Hanford Engineer Works, E. 1. du 
Pont de Nemours & Co,, Richland, Wash. 

Original Report No. SE-PC-46, dated Tune 13, 1945. Reissued by Metallurgical 
Laboratory as Report No. (H) CP -3275 In November 1945. Reissued by United States 
Atomic Energy Commission as Manhattan District Declassified Document MDDC -909 
hi May 1947. 
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are described In the literature. However, all these methods are either 
Inconvenient, not generally applicable, or not sufficiently accurate. 
Recent experience at the Hanford Engineer Works and other Metal- 
lurgical Project sites has indicated the importance of the problem 
and the inadequacy of the previously described methods. This paper 
describes a new method, which is capable of any desired accuracy 
and which is almost completely general in its applicability. 

2, THEORY OF THE METHOD 

2.1 Notation . In order to facilitate the discussion, the notation to 
be used is presented below. 

R = recorded rate 

N = true or corrected rate (including background) 

b = backgroimd rate 

N' = N ~ b = corrected rate due to source alone 
t = time of count 

Subscripts A and B refer to individual members of a pair of sources 
Subscript C refers to the combined sources of the pair 
T = resolving time of counter 
v, 0 = supplementary parameters 

2.2 Methods Involving the Use of Paired Sources . Reviews of 
methods of determining coincidence corrections have been given by 
Beers^ and by Kohman.^ The use of paired sources, first proposed by 
Moon,’ has been employed frequently (see references 1, 2, and 4 to 7). 
If each of two radioactive sources of approximately equal strength is 
measured separately, and the two are then measured together, taking 
care to keep geometrical factors constant throughout, the combined 
counting rate (corrected for background) will be less than the sum of 
the individual rates (corrected for background) since the fractional 
counting loss is greater at the higher counting rate. If a simple math- 
ematical relation between recorded and true rates involving but a 
single parameter applies for the instrument, a single set of measure- 
ments on one pair of sources can be used to evaluate the parameter 
(see references 1, 2, 4, and 6 to 8). However, it has been shown that 
the simple one -parameter relations previously proposed do not ade- 
quately express the behavior of real counters. 

In order to avoid this difficulty, a completely general method, which 
involves no assumed mathematical relation between true and recorded 
rates, was developed.’ This method uses a number of paired sources 
erf different intensities covering the range of the instrument, and the 
data are analyzed by a graphical method of successive approximations 
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which gives a curve erf fractional correction vs. recorded rate. Un- 
fortunately, this method is tedious and time-consuming and is pos- 
sibly subject to personal factors. A completely mathematical Analy- 
sis of the data would be a considerable improvement. A prerequisite 
for this analysis is a mathematical relation between true and recorded 
rates. 

Single -parameter relations between N and R that have been pro- 
posed are the following; 

1. Johnson and Street,* Ruark and Brammer^* 


N = R + tNR 


2. Volz,“ Schiff‘* 


N = Re^“ 

3. An approximation of Eq. 2, due to Hull* 

N = R + tR* + y2T*R» 


( 1 ) 

( 2 ) 

( 3 ) 


4. An approximation*’"’’ of Eq. 1 

N = R + tR* (4) 

For each of these relations, methods have been developed for eval- 
uating the parameter r from a set of paired source measurementsrt 
1. Beers’ 



(RA + RB-Rc-b)(Rc-b) 

2 

Ra + Rb ” Rc b 

(RA-b)(RB-b) 


2(RA-b)(RB-b) 

8(Rc + b) 



Kohman" 


Equation 5 is more exact at low counting rates, and Eq. 6 at high 
counting rates. 


tThe derivations of Eqs. S to 9 proceed from the fact that + Np = Nc. 
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2. Crawford* 


(7) 

Kc 

T Is then obtained from R^, and Eq. 2. In order for Eq. 7 to be 
applicable the background must be small enough to be neglected, and 
Ra 2nd Rb must be very nearly equal. 

3. Hull* 

V2 (R\ 4- R»b-R^)t» + (R\ + R*b -R?:)t + Ra + Rb “ Rc “ b = 0 (0) 

T Is obtained by solution of this equation by the quadratic formula. 

4. Jarrett,* Kohman,*’* and Metcalf and Hennessee’' 


_ _ Ra + Rb ~ Rc ~ b 
^ “ rA — pa - r3 

Kc 


(9) 


Inspection of Eqs. 1 to 4 reveals that they are all nearly equivalent 
for low counting rates in which the difference between N and R is 
very small (approximately 1 per cent). Moreover, any one will ade- 
quately represent the behavior of actual counters in the region of 
small losses. Equation 4 means that the fractional correction is pro- 
portional to R; and because of the simplicity of this equation and its 
corollary, Eq. 9, these equations have received extensive use in rough 
evaluations and applications of coincidence corrections.*’*'^* How- 
ever, in general no single -parameter equation, theoretical or empiri- 
cal, can adequately relate N and R when the losses are large. As an 
Illustration, a semitheoretlcal equation that expresses the observed 
behavior of a Geiger -Mueller counter over a wide range of counting 
rates contains three parameters;* but that equation is not suitable for 
practical application, nor is it applicable to other types of instru- 
ments. 

In theory the relation between two dependent variables such as N 
and R can be expressed by an infinite power series: 


N = Co + CjR + CjR* + CjR* + c^R* + . . . (10) 

If we set Cg = 0, = 1, and c, = t, Eq. 10 becomes the equivalent of 

Eqs. 1 to 4 for sm^l values of R. Hence we are justified In rewriting 
the series as follows: 


N = R + tR* + vR* + 0R* + . . . 


( 11 ) 
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For practical purposes the number of terms of Eq. 11 to be retained 
will be determined by the behavior of the instrument and the precision 
required. 

As previously mentioned, when only two terms of Eq. 11 are used, 
giving Eq. 4, the parameter can be evaluated from measurements on 
a single pair of sources by means of Eq. 9. It has been pointed out by 
Jarrett* that the first three terms of Eq. 11 might be used similarly 
to evaluate the two parameters from measurements on two pairs of 
sources. Two equations analogous to Eq. 9 are obtained, but this 
involves the two unknown parameters, and their simultaneous solu- 
tion yields the values of the latter. Similarly, this method can be 
extended to any number of terms of Eq. 11 by employing as many 
pairs of sources as there are parameters. 

2.3 The Least -squares Evaluation of Paired Source Data . The 
use of equations such as Eq. 9 or its higher analogues, according to 
the method of Jarrett, has a serious disadvantage in that only a lim- 
ited number of measurements can be admitted into the evaluation of 
the parameters. It is generally desirable to employ a greater number 
of measurements in obtaining the final result so that an error in one 
measurement will not seriously affect the values of the parameters 
(as would be the case when the minimum number of measurements is 
used) and so that the entire counting range of the instrument can be 
represented in the data. The method of least squares provides a 
means of doing this. 

Consider a pair of sources that have been counted separately and 
together. Let us define the quantity i, which we will call the "resid- 
ual,” as follows: 


« = N; 

If the N values were the true values, as would be the case if the 
correction of the R values were perfect, then 6 would equal zero 
(except for statistical fluctuations due to the random distribution of 
counts). Actually, when the N values are obtained by an equation such 
as will be used in practice, the corrections will not be perfect, and 
i 0. 6 is the algebraic sum of the errors in the corrections to Ra, 
Rb, and Rc. It may be considered as a measure of the error in the 
cdrrection to Rq since this is the largest correction, and hence it is 
expected to have the largest error. Similarly the fractional residual 
may be defined as c = a/Rc, which may be considered a measure of 
the fractional error in the correction to R^. 

R a number of such paired source measurements have been made, 
the best values of the parameters in Eq. 11 are those which make 2c‘ 
a minimum. 
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leeo 


= 0 
Br 

2.4 One -parameter Case . For the case In which only two terms 
of Eq. 11 are retained, giving Eq. 4, the evaluation of the parameter 
T by the least-squares method proceeds as follows: 


where 


6 NX + - N6 

Rc 

Na+ Nb- Nc -b 
Rc 

Ra ~ ~ h 

Rc 

D + tE 
Rc 


D = Ra + Rfi Rc b 
E = Ri + R| - Rl 




= ^^(D* + 2tDE +t*E®) 


= G + 2tH + t*L 


where 
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The condition for best fit Is; 


A = 0 = 2H + 2tL 

dT 

whence 



(12) 


2.5 Two -parameter Case . For the case in which three terms of 
Eq. 11 are used, 

N = R + tR® + i/R® (13) 

the least -squares evaluation of the two parameters follows: 

^ Ra + Rb - Rc - b + T(R| + R| - R®c) + v(Rj( + R| - R®c) 

Rc 

D + tE + I'F 

where 

D = Ra + Rg “ Rc — b 
E = R» + R| - R?; 

F = R® + R»b - R»c 


2£* =2-^(0 + TE + I/F)® 

S i (D* + 2 tDE + 2i^DF + 2 tvEF + t®E* + v*F*) 

Rc 

vvD® _ V'DE n _ ^EF aV'E* jV'F* 

= > rrj- + 2 t > - 52“ + > -=2 “ + 2ti'> -rj- + T* > + v® / 

^Rr ^Rr “Rc “Rc ^Rr “Rc 


= G + 2tH + 2vJ + 2tvK + t*L + i/*M 


where 
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The condition for best fit is 


= 0 = 2H + 2i/K + 2tL 
dr 

— = 0 = 2J + 2tK + 2vM 

av 

Solving these simultaneous equations yields 

JK - HM 
LM - K* 

HK - JL 
" LM - K* 


(14) 


2.6 Three -parameter Case . The derivation of the method for the 
case in which three parameters are used, 

N = R + tR* + vR* + ^R* (15) 

proceeds similarly. Three simultaneous equations are obtained in 
three unknowns, the solution of which yields the desired values. The 
solution is straightforward, but the computation is somewhat longer 
than in the two -parameter case, especially since the solution of si- 
multaneous equations containing more than two unknowns is some- 
what Involved. Consequently, the two-parameter case is probably the 
most satisfactory for routine practical use. Only if high accuracy is 
needed and the experimental measurements have been made with a 
compatible degree of precision, or if the fractional corrections are 
quite large (approximately 50 per cent) should it be necessary to 
invoke additional parameters. Obviously the method can be extended 
to any number of parameters. 

2.7 Significance of the Parameters . It is customary to consider 
the coincidence losses of a counter in terms of quantities called the 



COINCIOENCE CORRECTIONS OF COUNTING INSTRUMENTS 1663 

''resolving time," the ‘‘Insensitive time," and the ‘‘dead time." The 
resolving time Is defined as the minimum interval between two events 
that can both be registered by the Instrument. The Insensitive time is 
the Interval following a recorded event during which the instrument is 
Incapable of recording another event. The dead time is a quantity 
peculiar to Geiger -Mueller counters. It is the interval following a 
discharge during which the tube is Incapable of producing an electron 
avalanche. 

The insensitive time is not a property of the instrument but is a 
particular event recorded by the instrument. With practically all 
types of counters this quantity is not a constant but may be different 
for different events. For example, the insensitive time of a Geiger- 
Mueller -counter discharge may be shortened by the occurrence of 
another discharge a short time previously,®’*'^* or it may be length- 
ened by the occurrence of an unrecorded discharge near the end of 
the interval. The insensitive time of a pulse in an a -particle counter 
may depend on the length and position of the track of the particle. If 
the insensitive time had a constant value, the resolving time would 
have this same value. But, in view of the variability of insensitive 
times, the simple definition for resolving time given above has no 
clear meaning. Nevertheless it is desirable to retain the idea of the 
resolving time as a characteristic of the instrument in the sense that 
the insensitive time is a characteristic of an individual event. 

Equations 1 and 2 are derived theoretically from certain physical 
assumptions, among which is that of a constant insensitive time or 
resolving time t. The parameter has the same meaning in other ap- 
proximate equations, such as Eqs. 3 and 4. Since the empirical Eq. 
11 becomes essentially equivalent to these equations at very low 
counting rates, r may also be called the resolving time in the latter. 
Physically, it is the limiting average value of the insensitive time as 
the counting rate approaches zero. With Geiger -Mueller counters, 
the insensitive time is constant at very low rates, but with propor- 
tional counters or counting ionization chambers the insensitive time 
varies; therefore the average is specified. Mathematically, the re- 
solving time may be defined as follows: 


■ d(N/R) ■ 

rd(R/^)' 


n=o' 1 dN J 


The parameters v,^, ... of Eq. 11 have no simple physical signif- 
icance; they are merely constants employed to correlate the experi- 
mental observations. 
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The parameter r, being the resolving time, has the dimension of 
time and Is always positive. The parameters v,^, ... have the di- 
mensions time’, time’, . . and may have either sign. 

The discussion thus far has been confined to counting instruments. 
The method is equally applicable to some other types of measuring 
Instruments that do not count. All radiation -measuring instruments 
are expected to deviate Increasingly from linear as the radiation 
Intensity increases . Examples to which the method can be applied are 
Lauritsen quartz-fiber electroscopes, high-pressure r-ray ionization 
chambers, ^ -ray ionization-chamber d-c -amplifier assemblies, photo- 
cells, etc. In such cases, the notion of a resolving time no longer 
applies, and it is more logical to rewrite Eq. 11 as 

I = M + aM* + bM’ + cM* + . . . (16) 

where M and I are the measured and true intensities, respectively. 

Once the parameters have been evaluated for a particular instru- 
ment by the method described, subsequent measurements made with 
the instrument can be corrected by the use of the corresponding equa- 
tion, e.g., Eqs. 4, 13, or 15. The coincidence correction should be 
added before subtracting the background, especially if both are large. 
To facilitate the application of corrections, a graph or table showing 
the correction as a function of the recorded rate may be employed. 

3. APPLICATION OF THE METHOD 

3.1 Procedure for Taking Data . The experimental part of the 
determination of coincidence corrections of an instrument consists of 
taking a series of sets of paired source measurements. Each set is 
comprised of four measurements involving two approximately equal 
sources: R^, Re, Rci snd b. The series should contain three or more 
sets with counting rates covering the range of the instrument for 
which the corrections are desired. 

The procedure for taking a set of measurements is as follows, 
Sources and counting conditions are chosen which will give the desired 
counting rates. (With many instruments the counting rate can be 
adjusted by varying the distance between source and detector or by 
inserting suitable absorbers.) In order to eliminate possible changes 
due to variations in geometry, a dummy source should occupy the 
place of each active source when the latter is not in position. The 
order of measurements follows; 

1. Place both dummies in position. Measure b. 

2. Replace dummy A by active source A. Measure Ra. 
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3. Replace dummy B by source B, with care not to disturb the 
position of source A. Measure Rc- 

4. Replace source A by dummy A, with care not to disturb the 
position of source B. Measure Rg. 


Table 1 — Length of Counting Interval (t) In Minutes Required for a Given 
Fractional Probable Error (P) for Various Combined-source Counting 
Rates ('Rq) in Counts per Minute 


Fractional probable error, P 


Rc 

5% 

2% 

1% 

0.5% 

0.2% 

0.1% 

1.000 

1.5 

9.1 

36 

146 

910 

3640 

2,000 

mSm 

4.6 

16 

73 

455 

1820 



1.8 

7.3 

29 

182 

728 

10,000 

0.15 

0.9 

3.6 

15 

91 

364 


0.07 

0.5 

1.8 

7.3 

46 

182 

50,000 

0.03 

0.2 

0.7 

2.9 

18 

73 

100,000 

0.015 

0.09 

0.4 

1.5 

9.1 

36 

200,000 

0.007 

0.05 

0.2 


4.6 

18 

500,000 

0.003 

0.02 

0.07 

mm 

1.8 

7.3 

1,000,000 

0.001 

0.01 

0.04 

0.15 

0.9 

3.6 


The sequence is illustrated in the figure below, where Sa and Sg 
are the active sources and Da and Db the dummies: 


1. b 2. Ra 3. Rq 4. Rb 

It is generally desirable to count Ra, Rb, Rc equal periods 
of time. In this manner the greatest statistical accuracy can be ob- 
tained for a given total number of counts.^ This is desirable with 
instruments such as Geiger -Mueller counters whose lifetime is a 
function erf usage. The greatest statistical accuracy for a given total 
expenditure of time is obtained when: 

U '■ ta : tc : t), = : VRc ^ iTb *1:1: /2 : WRa 

However, the loss in accuracy by making Ia = Ib = tc is slight; there- 
fore, even for instruments that are not damaged by usage the con- 
venience of using equal counting periods is sufficient to justify it. It 
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is also desirable to make tb greater than indicated by the above ratio, 
since a more exact value of the background is a useful indication of 
whether the instrument is functioning properly. 

The counting time necessary for each set depends on the accuracy 
required in the corrections, and may be estimated as follows: Con- 
sider an Instrument for which Eq. 4 holds and r has a value of ap- 
proximately 10 min. In order to determine t from a single set of 
paired-source measurements using Eq. 9, the counting rates being 
approximately 1,000, 1,000, and 2,000 per minute, an accuracy (frac- 
tional probable error) of 0.5 per cent in corrected measurements at 
2,000 counts per minute is required. The coincidence correction at 
this rate is approximately 40 counts per minute and this quantity must 
be known with an accuracy of 10 counts per minute, or 25 per cent of 
its value. This means that r must be known with an accuracy of 25 
per cent, which in turn means that D (= ■<- Rb ~ He ~ 1>) must also 

have an accuracy of 25 per cent. Since D « 20 counts per minute. Us 
probable error must be 5 counts per minute. The probable error in D 
is equal to 


0.6745 



ts 


+ 


^ _b 
tc tb 


0.6745 


when the counting times are equal. From this it follows that t = 73 
min. The general formula for the counting interval is 


, 8K* 3.64 


(17) 


where t = Ia = ts = tc = required counting interval 

P = fractional probable error required at R = Rc 
K = 0.6745 = factor used in computing probable errorst 
It is to be noted that the time requirement is independent of the re- 
solving time. From Eq. 17, Table 1 has been prepared. 

In cases in which Eq. 4 does not hold and the method described 
herein is to be used instead, each set of paired source mea.surements 
may be imagined to establish a point on the correction curve. Hence 
the same considerations apply, and Eq. 17 and Table 1 can be used 
as a general guide in paired -source measurements. Thus, when a 
series of such measurements is made, each set should contain ap- 
proximately the same total number of counts. 


tU tt is desired to express P in terms of some other measure of deviation than the 
probabI« error, the corresponding value ol K must be used instead, 
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The choice of counting rates for the various sets of paired source 
measurements can be made from the following considerations. The 
Re values should be fairly evenly distributed over the useful range of 
the instrument. The maximum useful rate of a counter for general 
purposes may be considered to be that for which the coincidence loss 
Is about 10 or 20 per cent. Some Gelger-Mueller counters, however, 
have lower useful limits because high rates may permanently alter 
the tube characteristics. Since sets with low values of Rc require 
long counting intervals and enter into the computations with less 
weight than the higher sets, it is usually not profitable to use Rc 
values lower than that counting rate for which the coincidence cor- 
rection is about 1 or 2 per cent. If more than 3 or 4 sets are taken 
duplication is permissible, and this has the advantage of indicating 
the consistency and reproducibility of the data. 

3.2 Sample Data . To illustrate the application of the method to 
actual counting instruments, several series of data taken with various 
types of instruments are presented in Tables 2 to 5 together with the 
results of the computations . The examples have been chosen to Ulus - 
trate the one-, two-, and three -parameter cases. 

3.3 Preliminary Examination of Data . In order to obtain an idea 
of the consistency of the data and to determine the number of param- 
eters that should be computed, a preliminary examination of the 
data should be made by applying Eq. 9 to each set of measurements. 
The value of r so obtained is designated as since it Implies a one- 
parameter relation, Eq. 4. The values of are included in Tables 2 
to 5. 

If, as in Table 2, the variations in t, show no trend with counting 
rate and are no greater than expected from statistical fluctuations, a 
one -parameter computation should suffice. The data in Tables 3 and 
4 show a progressive increase in Tj (the initial decrease in Table 3 
is not significant) , indicating that two parameters should be computed, 
fhe data in Table 5 show a significant decrease in t, followed by a 
significant Increase, which suggests that three parameters are prob- 
ably required to express the behavior of the counter. 

3.4 Sample Computation . In order to demonstrate the manner in 
which the computations are set up and carried out, a typical two- 
pa.rameter computation is shown in Table 6. The computations in- 
volving a different number of parameters follow similar patterns, 
except that with three or more parameters the solution of the simul- 
taneous equations must be handled differently . 

In the computation, sufficient significant figures should be carried 
to allow for the loss that occurs in solving the simultaneous equations . 
In the three -parameter computation (Table 5) three significant figures 
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Table 2 — Paired -source Measurements on Geig;er -Mueller Counter; Argon -alcohol - 
filled Bell -type Mica-window Tube with Self -quenching Circuit and Offner Scalert 


No. 

Ra, counts 
per minute 

Rb, counts 
per minute 

Rci counts 
per minute 

b 

’•i. 

minutes 

A, counts 
per minute 

e,% 

I 

2,334 

2,485 

4,750 

30 

3.6 X lO"* 

-6 

-0.13 

U 

3,077 

3,155 

6,133 

28 

3.9 X 10"’ 

-4 

-0.07 

m 

3,089 

3,116 

6,134 

28 

2.3 X lO"* 

-33 

-0.54 

IV 

3,727 

3,696 

7,293 

33 

3.8 X 10-* 

-9 

-0.12 

V 

3,779 

3,692 

7,324 

29 

4.6 X 10'* 

+12 

+0.16 

VI 

5,452 

5,356 

10,505 

33 

5.2 X 10 

+56 

+0.53 

vn 

5,334 

5,411 

10,508 

34 

3.9 X lO'" 

-14 

-0.13 


t Result of computation: 
T = 4.12 X 10"® min 
N = R + tR-» 


Table 3 — Paired-source Measurements on a Counter; Air-filled Parallel -plate 
Ionization Chamber with Linear Pulse Amplifier and Offner Scalert 


No. 

Ha, counts 
per minute 

Rg, counts 
per minute 

R(;, counts 
per minute 

b 

n. 

minutes 

A, counts 
per minute 

£,% 

I 

294.4 

313.4 

603.4 

2.0 

13 X 10*' 

+0.6 

+0.10 

n 

546.5 

538.2 

1,076.6 

2.0 

11 X lO** 

+0.4 

+0.04 

m 

736 

725 

1,450 

2 

9 X 10*' 

-2 

-0.14 

IV 

1,323 

1,143 

2,436 

2 

9.7 X lO** 

-18 

"0.74 

V 

2,459 

2,514 

4,782 

2 

17.9 X 10*' 

+13 

+0.27 

VI 

4,454 

4,327 

8,131 

2 

23.5 X lO** 

+1 

+0.01 

vn 

5,924 

6,245 

10,860 

2 

29.6 X lO"' 

-7 

-0.06 


t Result of computation: 

T = 8.20 X 10"® min 
V = 1.147 X 10"® min® 
N = R + tR® vR® 


Table 4 — Paired-source Measurements on a Counter;t Nitrogen -filled Parallel -plate 
Ionization Chamber with High-frequency Amplifier and Offner Scaler 


No. 

Ra, counts 
per minute 

Hg, counts 
per minute 

R(;, counts 
per minute 

b 

minutes 

A , counts 
per minute 


1 

41,287 

41,111 

81,094 

2 

4.10 X 10 

+70 

.fO.09 

11 

80,308 

70,495 

145,492 

3 

5.44 X 10"' 

-135 

-0.09 

m 

108,794 

123,160 

216,621 

2 

7.73 X lO"* 

+74 

+0.03 


t Result of computation (see Table 6): 
T := 1.814 X lO"’ min 
V =: 1.662 X 10 "‘® min® 

N R +tR® + vR® 
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were lost In the solution of the equations; therefore eight figures 
were carried up to this point in order to give satisfactory accuracy 
in the result. Because of its length, this computation was consequently 
quite tedious. 

3.5 Checking the Computations . Computations should be checked 
against the data by computing the residual (6) and the fractional re- 
sidual (e = 6 /Rc) for each set. If the values of e are all small (i.e., 


Table 5 — Paired -source Measurements on Geiger -Mueller Counter; Hydrogen -filled 
Thin -wailed Glass Tube (Eck and Krebs), with Neher -Harper Quenching Circuit 

and McKibben Scalert 
(Data from Reference 2) 


No. 

Rai counts 
per minute 

Rq, counts 
per minute 

R^, counts 
per minute 

b 

minutes 

6, counts 
per minute 

€, % 

I 

579 

647 

201 

16 

13 X lO"* 

+ 1 

>0.06 

n 

2,054 

2,491 

4,386 

18 

11.0 X lO"" 

>39 

>0.88 

m 

5,560 

7,090 

11,960 

20 

10.8 X 10 

>12 

>0.10 

IV 

7,320 

9,970 

16,120 

20 

10.6 X 10 

>66 

>0.41 

V 

17,880 

18,460 

33,100 

20 

7.4 X 10-* 

-470 

-1.42 

VI 

28,800 

32,600 

53,700 


6.3 X lO"* 

>630 

>1.18 

vu 

53,500 

58,200 

93,200 


7.6 X 10"* 

-430 

-0.47 

vin 

65,700 

77,400 

114,000 


10.8 X lO'* 

>200 

>0.18 


t Result of computation; 

T = 1.217 xlO'" min 
V = “8.76 X 10"“ min* 

0 = 5.29 X lO"^® min* 

N = R + tR* + wR* + i^R® 

of the order of magnitude of P in Eq. 17) and are distributed randomly 
in sign, it is assumed that the equation obtained satisfactorily repre- 
sents the behavior of the instrument. If, however, the values of c are 
all of the same sign or show a significant trend, an error in the com- 
putations is indicated or an additional parameter must be computed. 

In Tables 2, 3, 4, and 5 are given, for each set of measurements, 
the values of 6 and c computed from the result of the least -squares 
computation. In each case these quantities are small and pf random 
sign, indicating that the equation obtained is adequate for the correc- 
tion of measurements made with the instrument. 

3.6 Graphical Illustration of Results . For two of the examples 
considered the fractional correction has been plotted as a function of 
the recorded rate. Figure 1 shows the behavior of the a counter with 
which the data of Table 3 were taken. For comparison, the dashed 
line indicates the previously assumed losses of such instruments, 
0.8 per cent per 1,000 counts per minute. The difference between 
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Table 6— -Sample Computation, Illustrating Method of Laying Out Work for 
Determining Two Parameters with Aid of Calculating Machine. 

(Data from Table 4) 


Set No. 

I 

n 

m 

Ra 

41,287 

80,308 

108,794 

Rb 

1 41,111 

70,465 

123,160 

Rc 

81,094 

145,492 

216,621 

b 

2 

3 

2 

Ra + Rb Rc b * D 

> 1,302 

5,308 

15,331 

Ri 

1.70461 X 10* 

6.44937 X 10* 

1.18361 xlO*® 

Ri 

1.69011 x10* 

4.96954 X 10* 

1.51684 X 10” 

Rc 

6.57623 X 10* 

2.11679 X 10'® 

4.69246 X 10” 

Hi + - Hi = E 

-3.18151 xlO* 

-9.74901 X 10* 

-1.90201 X 10" 

RJ 

7.03782 X 10” 

5.17936 X 10” 

1.28770 X 10” 

Rb 

6.94821 X 10” 

3.50328 X 10'* 

1.86814 X 10” 

R*c 

5.33293 X 10” 

3.07976 X 10'» 

1.01640 X 10” 

Ift + Hi - Ri = F 

-3.93432 X 10” 

-2.21160 X 10” 

-7.00903 X 10“ 

DE/Ri » V 

-6.29960 X 10* 

-2.44463 X 10* 

-6.50821 X 10* 

DF/Rt = W 

-7.78970 X 10’ 

-5.54540 X 10* 

-2.28996 X 10* 

EF/RJ; = X 

1.90338 X 10” 

1.01852x 10” 

2.97542 X 10” 

eVRc =y 

1.53918 X 10* 

4.48006 X 10* 

8.45636 X 10* 

FVRc =z 

2.35376 X 10'* 

2.31044 X 10** 

1.04692 X 10*' 


IV =H 

-0.58200 X 10* 



ZW = J 

-2.92240 X 10* 



ZX =K 

4.18428 X 10” 



ZY = L 

1.44855 X 10” 



ZZ •'M 

1.30150 X 10*' 



JK 

-1.22281 X 10** 



HM 

-1.24720 X 10** 



JK-HM 

2.439 X 10** 



HK 

-4.00971 X 10” 



JL 

-4.23324 X 10“ 



HK- JL 

2.2353 X 10** 



LM 

1.08529 X 10** 



K* 

1.75082 X lO” 



LM -m* 

1.3447 xl0»® 



1.814 XIO- 


» 1/ 1.662 X 10-‘» 
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RF.CORDED RATE , COUNTS /MIN. 


Fig. 1 — Coincidence corrections for a counter, from data of Table 3. A, found by the 
method described in this paper. B, previously assumed for this type of instrument. 
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2 —Coincidence corrections for Geiger -Mueller counter, from data of Table 5. 
A, found by the method described in this paper. B, previously found by method of suc- 
cessive graphical approximations. 
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Fig. 3 — Coincidence correction chart for a counter, from data of Table 3. Linear 
graph. 



RECORDED RATE, COUNTS /MIN. 


Fig. 4 — Coincidence correction chart for Geiger -Mueller counter, from data of Table 
5. Logarithmic graph. 
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tfa6 two curves indicates the necessity of determining coincidence 
corrections separately for every instrument. 

In Fig. 2 the continuous line shows the results of the three -param- 
eter computation based on the Geiger -Mueller -counter data of Table 
5. The dashed line is the result of the independent analysis of the 
same data by the method of successive graphical approximations 
The two curves coincide within the accuracy of the measurements, 
indicating the validity of both methods. The dashed curve is perhaps 
the better of the two since it yields a value for of 0.00005, where- 
as that obtained by the present method is 0.00046. A fourth parameter 
would presumably reduce the difference between the two curves. 

To facilitate the correction of counter data it is often convenient to 
use a graph showing the correction (N - R) as a function of the re - 
corded rate R instead of applying the correction equation to the indi- 
vidual results. The graph may be made on Cartesian or logarithmic 
coordinate paper, depending on the range of values. Such graphs are 
shown in Figs. 3 and 4. 


4. SUMMARY 

The method herein described for determining and applying coinci- 
dence corrections in counters is an extension of the general method 
of paired sources. Several pairs of radioactive sources were used, 
and for each pair counts were taken with the instrument on the sources 
separately and together. A general relation between the recorded 
counting rate R and the true rate N was assumed, being the first few 
terms of an infinite power series: 

N = R + tR* + vR® + <^R* + . . . 

where r is the resolving time of the counter and v, ... are inde- 
pendent parameters. By a least-squares method, the values of the 
parameters that most adequately correlated the experimental data for 
the instrument in question were determined. Subsequent measure- 
ments made with the instrument could then be corrected by means of 
this equation. 

A few examples of the use of this method have been presented. 
They Indicate that the method is a satisfactory solution of the prob- 
lem and should be of considerable value. 
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THE SPECIFIC ACTIVITY OF RADIUMt 
By T. P, Kohman, D. P. Ames, and J. Sedlet 


1. INTRODUCTION 

Radiumt occupies a special position among radioactive substances, 
having been used for many years as a reference material for numer- 
ous measurements in the field of radioactivity. The practical unit of 
radioactivity, the curie, was originally based on radium. The results 
of many of the measurements involving radium as a reference mate- 
rial depend upon the value of its specific a activity, or the number of 
a particles emitted per unit time by unit weight of radium. Unfor- 
tunately, the measurement of the specific activity in the case of radi- 
um is attended with special difficulties. The half life is too long to 
permit accurate decay measurements, and the short-lived descendants 
interfere in measurements of the a particles. Consequently a variety 
of methods, mostly indirect, have been employed. 

In spite of the Importance attributed to a knowledge of this constant 
and the great number of published determinations, its value is still 
subject to an uncertainty of several per cent. Table 1 summarizes 
the more recent determinations, as well as some of the earlier ones, 
of the specific activity of radium in disintegrations per second per 
gram. In some cases the specific activity was not given directly in 
the publication but has been calculated from the data given. In others 
the reported value has been recalculated from the data, with the now 
more accurately known values of various physical constants entering 
into the calculation. 


tContrlbution from the Chemistry Division of the Argonne Nalionsl Laboratory, 
tin this paper the term "radium” refers to the nuclide Ra”*. 
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The general importance of knowing radioactive disintegration con- 
stants, as well as the special Interest in radium mentioned above, led 
to the attempt to make a more accurate determination with improved 
radiometric techniques and instruments now available. The counting 
of a particles from weighed quantities was successfully applied to a 
number of long-lived a emitters in the Argonne National Laboratory. 
This direct method has rarely been applied to radium because of the 
difficulties mentioned. An application of this method to radium is 
described in this paper. 


Table 1 — Experimental Determinations of the Specific Alpha Activity of Radium 


Method 

Experimenters and reference 

Value’ 

Visual counting of galvanometer de- 

E. Rutherford and H. Geiger, Proc. 

3.4 

flections from RaC a particles in 

Roy. Soc. London, A81: 141 (1908) 

3.57*’ 

proportional counter 

Growth rale of Ra in lo 

B. B. Boltwood, Am. 3. Scl., (4) 25: 

493 (1908) 

2.08' 

Rate of He evolution by Ra 

3. Dewar, Proc. Roy. Soc. London, 
A81: 280 (1908) 

2.9'* 

3.88"-' 

Rate of He evolution by Ra 

J, Dewar, Proc. Roy. Soc. London, 
A83; 404 (1910) 

3.70“ 

Rate of He evolution by Ra 

B. B. Boltwood and E. Rutherford, 
Phil. Mag., (6) 22: 586 (1911) 

3.33 

Heat generation by Ra a particles 

V. F. Hess, Wien. Ber., (Ila) 121: 

1419 (1912) 

3.75 

Electric charge of a particles from 

J. Danysz and W. Duane, Am. J. 

3.22 

Rn and descendants 

Sci., (4) 35: 295 (1913) 

3.15* 

Growth rate of Ra in lo 

E. Gleditsch, Am. J. Sci., (4) 41: 

112 (1916) 

3.53' 

Growth rate of Ra in lo 

S. Meyer and R. W. Lawson, Wien. 
Ber., (Ila) 125; 723 (1916) 

3.4 

Visual counting of galvanometer 
deflections from RaC a particles 

V. F. Hess and R. W. Lawson, Wien. 
Ber., (Ha) 127: 405 (1918) 

3.72 

in proportional counter 

Photographic oscillographic count- 
ing of RaC a particles proportional 

R. W. Lawson and V. F, Hess, Wien. 
Ber., (Qa) 127; 461 (1918) 

3.7 

counter 

Visual counting of scintillations 
from Rn and descendants by two 

H. Geiger and A. Werner, Z. 

Physlk, 21: 187 (1924) 

3.40 

observers 

Pressure and volume measurements 

L. Wertensteln, Phil. Mag., (7) 6: 17 

3.62 

of Rn 

(1928) 

3.60" 

Electric charge of a particles from 

H. Jedrzejowski, Compt. rend., 

3.50 

RaB -f C deposit 

184; 1551 (1927); Ann. phys., (10) 

9: 128 (1028) 

3.48* 

Heat generation by a particles from 

S. W. Watson and M. C. Henderson, 

3.72 

Rn 4 RaA + B C, RaB + C^ and 

RaC 

Proc. Roy. Soc. London, A118: 

318 (1028) 

3.63‘ 
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Table 1 — (Continued) 


Method Experimenters and reference Value‘s 


Comparison of ionization of single H. Ziegert, Z. Physik, 46: 668 (1928) 3.71 

RaC a particles ivlth gross ioni- 
zation from RaC deposit 

Electric charge of a particles from H. J. J. Braddick and H. M. Cave, 3.68 

RaB C deposit Proc. Roy. Soc. London, A121: 3.69’ 

367 (1928) 3.67'' 

Photographic oscillographic counting F. A. B. Ward, C. E. Wynn- 3.66 

of RaB C or particles in ionization Williams, and H. M. Cave, Proc. 
chamber Roy. Soc. London, A125; 713 (1929) 

Heat generation by Po standardized L. Meitner and W. Orthmann, Z. 3.68 

against Ra by Ionization measure- Physlk, 60: 143 (1930) 
ments 

Growth rate of Ra in lo E. Gieditsch and E. Foyn, Am. J. 3.47^ 

Scl., (5) 24: 387 (1932) 

Electric charge of a particles from R. Gregolre, Ann. phys., (11) 2: 161 3.68 

Po standardized against Ra by (1934) 3.65'''* 

ionization measurements 

Growth rate of Ra in lo E. Gieditsch and E. Foyn, Am. J. 3.47'^ 

Sci., (5) 29: 253 (1935) 

Rate of He evolution by Ra P. Guenther, Z. physlk. Chem., 3.67 

A185: 367 (1939) 

Electrical counting of a particles T. P. Kohman, O. P. Ames, and 3.61 

from weighed and purified Ra in J. Sedlet, this paper (1947) 

ionization chamber 


‘in units 10^° or particles per second per gram. 

'’Corrected to International Radium Standard (E. Rutherford, J. Chadwick, and C. O. 
Ellis ‘'Radiations from Radioactive Substances,^’ p, 60, Cambridge University Press, 
London, 1930), 

^Calculated from disintegration constant given using currently accepted value of 
Avogadro number, 

**Calculated from rate of helium evolution given using currently accepted value of 
Loschmldt number. 

'^Corrected according to following paper. 

'Calculated from heat generation rate given using currently accepted value of or dis- 
integration energy. 

''Recalculated using currently accepted value of electronic charge. 

'’Recalculated using currently accepted value of Loschmldt number. 

'Recalculated using currently accepted values of a disintegration energies. 
’Corrected by authors elsewhere. 


2. METHOD 

2.1 General Description . Radium was carefully purified and 
weighed as RaC I,. Aliquots in solution were spread in thin layers on 
platinum plates and treated in such a manner as to remove radon 
completely and to remove the A, B, and C products to a large extent. 
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The saio|)les were counted over a period Of about 8 hr in a parallel*- 
plate a counter; and from the curve d counting rate vs. time, the 
rate due to the radium alone wae determined in a manner to be de- 
scribed. From Uie known counting yield of the Instrument the specific 
activity was calculated, and from this the disintegration constant and 
half life were determined. 

The rapid growth of a -active disintegration products in radium, 
coih>led with the volatility of radon and the recoil of disintegrating 
atoms from thin samples, makes the Interpretation of the counting 
rates the most critical part cf the experiment. The a activity of a 
sealed sample of purified radium will increase to a value four times 
that of the radium alone as the a-active Rn, RaA, and RaC + C' grow 
in to their equilibrium values. For the situation reported in this paper 
the equations of Bateman,* describing this growth, must be modified 
to accoimt for loss by emanation (rf radon and by recoil of product 
atoms. If the sample originally contains short-lived descendants of 
radon, but no radon, the decay of the original short-lived complex 
will be superposed upon the growth of the radon and its newly formed 
daughters. The activity curve will approach that of purified radium; 
and if the original activity of the short-lived components is only a few 
per cent of that of the radium, the two curves will become practically 
identical within a few hours. If the shape of the theoretical radium 
curve is known or can be determined, it can be used to extrapolate 
die last part of the experimental curve back to zero time, giving tlie . 
activity of radium alone. It was found possible to determine the the*- y 
oretlcal curve for each sample from the last part cf its experlmenthi y 
curve, 

2.2 Calculations . In the absence of losses by recoil Or emanaUoi|)i' > 
the a activity of a sample of radium purified at time t - 0 is givep'^ 


N^^R-t-M + A + C 
M = RU“e-*‘) 


r(i 5— e-®‘ 51-e-**) 

V a-m m-a / 


C * Ri 


(*- 


abc 


,-mt 


mbc 


. -m)(b-m)(c-m) (m - a)(b - a)(c - a) 


e* 


mac 


■bt 


mab 


(m - b)(a - b)(c - b) (m - c)<a - c)i(ib - cl 
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where N » total a activity 

R = a activity of radium 
M s a activity of radon 
A = a activity of RaA 
C = a activity of RaC + C' 
t = time 

m = disintegration constant of radon 
a = disintegration constant of RaA 
b = disintegration constant of RaB 
c = disintegration constant of RaC 

In the counter used, a stream of gas passes continuously over the 
sample, and any radon that escapes from the sample is immediately 
swept out and lost (those atoms disintegrating before being swept out 
may be regarded as not having escaped the sample). If the recoil 
atom from a disintegrating radium atom escapes from the sample, It 
immediately becomes a neutral radon atom In the gas phase* and is 
swept away. Nearly all the recoils from the other a emitters, how- 
ever, remain positively charged* and are re-collected on the sample 
plate since in the counter used this plate Is at a negative potentlal.t 
Consequently It is necessary to consider the loss by recoil of radon 
only. The a activity <rf radon, RaA, and RaC + C' will be reduced by 
the amount so lost. Let G be defined as the recoil retention factor, It 
being the fraction of the radon atoms remaining In the sample at theii* 
birth. In order to correct for the recoil loss the equation for N most 
be modified as follows: 


N-R + GCM+A + C) 

In addition, some radon will diffuse out of the sample and sAftap#, 
It Is assumed as an approximation that every radon atomln thft samidn 
has the same probabiUty, d,cf escapfad 1)7 dltfnslod in antt tlietii. TM 
total decay constmit, w, of the radon Is then glvsd by pbrn td 
constants for the two separate modes of dtsappeaiaikce* 

w «m4-4 

Let F be defined as the dUfniiap »0(eidloB 

the radon atoms orig&iat^ rstSfiied M the sanid* dM 
radloactlvely In the sa&sBde^ 


tThv CQltoctlm at Meoil atcMU ft seUS alwiieiita by Uw stgailM electrode In a 
Eu>f]Ues eliURtier hu been ctworved repeatedly by otMra at the Argonne National 
whoratory. 
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F = m/(m + d) = m/w 

The diffusion loss requires that the equation for N be modified further 
as follows: 


N = R + GF(M' + A' + C') 

where M', A', and C' are given by the expressions for M, A, and C, 
respectively, but where w is substituted for m throughout. 



Fig. 1 — Theoretical growth curves of purified radium. 


Typical long->tiine theoretical curves corresponding to various 
values of F and G are shown in Figs. 1 and 2. 

By counting radium samples over periods of several radon half 
lives, it was determined that diffusion losses were small (F s 0.95), 
in agreement with tiie known poor emanating characteristics of In- 
organic Solids.* This fortunate circumstance permits the assumption 
that F = 0.98 for all samples. The shape of the growth curve Is rela- 
tively Insensitive to the value of F during the first 8 hr when F fs 
near unity; and when d is small, the error In assuming Its constancy 
throughout the sample is trivial. The eiqieriments indicated that G 
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SPECIFIC ACUVITY OF RADIUM 
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Fig. 2 — Experimental growth curve of purilied radium 
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Pig- 3 — Method of extrapolation of counting rate to zero time. Class A fit (good). 
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Fig. 4 — Method of extrapolation of counting rate to zero time. Class B fit (fair) 



Fig. 5 — Method of extrapolation of counting rate to zero time. Class C fit (poor] 
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varies appreciably from simple to sample, and hence It must be 
determined separately for each sample. 

Typical short-time theoretical curves corresponding to F = 0.96 
and to various values of G are shown in Figs. 3 to 5. 

3. MATERIALS, APPARATUS, AND TECHNIQUES 

3.1 Reagents . The water used in these experiments was ordinary 
distilled water redistilled in a Barnstead still and kept In quartz 
bottles. Approximately 6N HCl was prepared by distilling a mixture 
of equal parts of reagent concentrated acid and Barnstead water In a 
pyrex still with a fractionating column. It was spectrographically 
pure. From this, concentrated hydrochloric acid was prepared by 
saturation with gaseous hydrogen chloride (Harshaw) that had been 
purified by passage through pyrex wool, concentrated sulfuric acid, 
and spray traps. Reagent-grade perchloric acid was redistilled at low 
pressure in pyrex apparatus. 

3.2 Radium and Its Purification . Commercial radium bromide 
obtained from pitchblende (Canadian or African) was used. Since these 
ores normally contain less than 1 per cent as much thorium as ura- 
nium, the amount of mesothorium (Ra^**) present was negligible. The 
radium as supplied was said to contain less than 1 per cent barium. 
One sample showed by spectrographic analysis 0.4 per cent barium. 

In order to free the radium of the remaining barium, fractional 
crystallization of the chloride from hydrochloric acid solution’ was 
employed. Because of the small scale of the work described in this 
paper, adopted In order to reduce the hazards of handling radium, the 
usual techniques involving shallow evaporating and crystallizing ves- 
sels could not be used, so the precipitations were made in quartz test 
tubes. All apparatus coming into contact with the radium solutions or 
reagents to be added to radium solutions was made of quartz. For 
transfer of reagents and radium solutions, micropipets* constructed 
of quartz and attached to a hypodermic syringe control were used. A 
clinical centrifuge (International) was used to separate crystals from 
solutions, and mother liquors were withdrawn with uncalibrated quartz 
micropipets. 

A series of total precipitations of radium from concentrated hydro- 
chloric acid was performed. Five mg of radium was dissolved in 150 
mlcrollters of water to which was then added 2 ml of concentrated 
hydrochloric acid with stirring. After cooling approximately hr at 
O'C in an ice bath, the white crystals were centrifuged down; the 
supernatant solution was then withdrawn, and the chloride was re- 
dlssolved in 150 microliters of water. This cycle was repeated for a 
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total of 10 crystallizations. In this as well as In the other series of 
crystallizations, after every fifth crystallization the radium solution 
was ceidrlfuged and transferred to a clean tube in order to remove 
any insoluble matter present. The yield of radium through this series 
of crystallizations was approximately 90 per cent. Spectrographlc 
analysis showed that the barium content had not been appreciably 
altered. Presumably the solubility of radium and barium chlorides in 
concentrated hydrochloric acid is so low that both are essentially 
completely precipitated, or else the rate of precipitation is too rapid 
to permit a discrimination against barium ions during crystal for- 
mation. Hence this procedure was unsatisfactory for removal of 
barium, but it proved useful for preliminary or final purification of 
the radium from common impurities or from its decay products. 

A series of crystallizations from approximately 6N (20 per cent) 
HCl, in which the solubility of radium and barium chlorides is some- 
what greater, was then performed. Fifteen milligrams of radium was 
dissolved in 200 microliters of water, and 3 ml of 6N HCl was added, 
the remainder of the cycle being the same as above. Eighteen such 
crystallizations were performed. The yield of radium through this 
series was approximately 60 per cent, and spectrographlc analysis 
showed less than 0.02 per cent barium (the limit of detection). Ap- 
parently the greater solubility and slower rate of crystallization from 
6N HCl allow the radium chloride to separate in purer form than when 
precipitated by concentrated acid. This is in agreement with the ex- 
perience of Hoenigschmid and Sachtleben.'' Other elements looked for 
were also below the spectrographlc limit of detection. Portions of 
this solution (I) were used in the first series of experiments. 

Another sample of radium, 50 mg, was purified by a series of 10 
crystallizations from 6N HCl in the manner just described, with the 
same volumes as for the 15-mg sample being used. The yield was 
approximately 70 per cent, and the radium was spectroscopically 
pure, with barium less than 0.02 per cent. This material was com- 
bined with that remaining from the first set of experiments, and the 
combined material (H) was used for the second set. 

3.3 Weighing of Radium Chloride . Two sets of experiments were 
performed, with different stock solutions of purified radium (I and 11) 
being used, as already mentioned. 

(a) Series I, Micro Scale . Quartz dishes weighing approximately 
15 to 20 mg were made by rounding the ends of 2-mm O.D. quartz 
tubing, sawing off a lew millimeters from the ends, grinding down 
with emery paper to a height of about 2 mm, and grinding flat on the 
bottom. 
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Weighings were made on a Kirk-Craig quartz-fiber ultramicro 
balance,' calibrated with a 1-mg weight certified by the National 
Bureau of Standards to be accurate within 0.5 per cent. The sensitiv- 
ity was 1.664 ^g per division of the torsion wheel. Weighings were 
reproducible to about 0.01 iig. 

Heating at 300° C in a current of hydrogen chloride gas was em- 
ployed to obtain anhydrous radium chloride for weighing. An electric 
sleeve furnace surrounding a quartz tube 1 in. in diameter was used. 
A quartz boat attached to a long quartz fiber for insertion and removal 
supported the sample dishes. A tank of hydrogen chloride (Harshaw) 
was attached through a pyrex-wool filter, and a cold trap (dry ice - 
n-butyl alcohol) was attached to the quartz tube. 

The dishes were heated for an hour at a time in hydrogen chloride 
until constant weight was achieved. While being cooled or while not 
in use, the dishes were kept in a desiccator containing as car ite, which 
was changed frequently. The disks were handled with platinum -tipped 
forceps or a fork made of platinum wire. A dummy dish similarly 
heated to constant weight was used as a counterpoise in weighing. 

Shortly before use, the radium was reprecipitated from concen- 
trated hydrochloric acid and redissolved. This reduced the y activity 
to a level safe for handling without shielding and removed radium ID 
and polonium, whose a activity might appear later as radium. A 
portion containing approximately 30 jug of radium chloride was in- 
troduced to a dish by means of a quartz capillary pipet,the dish being 
held in a clamp to prevent adherence to the pipet by surface tension. 
The filling was observed under a low-power microscope. The water 
was evaporated under an infrared heat lamp, and the sample was re- 
examined under the microscope to make sure all the crystals were 
in the bottom of the dish. The dish was placed in the furnace, and, 
with hydrogen chloride flowing, the temperature was slowly raised to 
300” C and maintained for several hours. Heating for approximately 
an hour at 300° was repeated \mtll a constant weight was reached. If 
microscopic exa minat ion revealed dust particles or evidence of spat- 
tering of crystals, the sample was rejected. 

(b) Series n, Semimicro Scale. The procedure was the same as 
for series I except that larger dishes weighing approximately 300 mg 
were made from 8-mm O. D. quartz tubing, the height being about 
5 mm. Weighings were made on an Ainsworth keyboard-type assay 
balance , with a dummy dish heated to constant weight being used as a 
counterpoise. The weights were calibrated against a set calibrated 
by the National Bureau of Standards. The accuracy of weighing was 
approximately 0.005 mg. The radium chloride samples weighed ap- 
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Ilroximately 3 mg. These larger dishes did not need to be clamped 
daring filling. 

3.4 Aliquoting . After weighing, each radium chloride sample and 
its dish were placed in a small quartz or Vycor test tube with a few 
drops of water. The dissolved radium was transferred to a weighed 
pyrex flask, and the tube and dish were rinsed with numerous small 
portions of 7M HCIO^, each being added to the flask. An appreciable 
residue of undlssolved radium could be detected in the boats at this 
stage, the a activity being of the order of a few tenths of 1 per cent 
for the small samples. Hence each dish was boiled several hours in 
2M HCl in a pyrex flask to which was sealed a tube to act as a reflux 
condenser. The solution was concentrated to a small volume and 
added to the flask. The residual activity of the dish corresponded to 
less than 0.01 per cent of the radium in series I and to much less in 
series H. 

For series I, 5- or 10-ml volumetric flasks were used to receive 
the solution. They did not need to be calibrated since the aliquoting 
procedure was gravimetric. After bringing to volume, but before 
mixing, the stopper was Inserted, and the flask was again weighed. 
The stopper was then sealed in with paraffin, and the contents were 
shaken. The weighings were performed on a Christian Becker semi- 
micro chainomatic balance capable of weighing to 0.01 mg, using 
calibrated weights. 

For series n, an Intermediate dilution stage was required. The 
original solution of radium was made up in a 50-ml glass -stoppered 
Erlenmeyer flask, the weighings being made on an Ainsworth chaino- 
matic analytical balance with calibrated weights. Samples of approxi- 
mately 0.5 ml were weighed into 10-ml glass -stoppered mixing cyl- 
inders and made up to volume. These weighings were made on the 
Becker balance. 

All ground-glass stoppers were reground before use. While con- 
taining radium solutions not in use, they were sealed with paraffin. 

The final solutions in all cases contained 1.5 to 4.0 jit g of radium 
per gram of solution of density about 1.4, so that 20- to 80-microllter 
portions, weighing 30 to 100 mg, contained 0.1 to 0.3 |xg of radium, an 
amount suitable for counting. For mounting the radium, platinum 
disks 1 in. in diameter were pxmched from new sheet stock 0.005 in. 
thick, carefully flattened, and Ignited by the technique described be- 
low. Each was weighed on the Becker balance before and after a 
portion of the radium solution was placed on it. The 7M HCIO^ was 
used as the solvent because it was found to change weight only very 
slowly in air under the prevailing room conditions of temperature and 
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humidity. To further reduce the weight change, a small box that was 
equipped with a removable but snugly fitting Cover and Into which the 
disks Just fitted was carried by the balance pan.t 

3.5 Preparation of Samples for Counting . The platinum plate 
containing the radium in perchloric acid solution was centered on an 
upright brass cylinder 1.5 in. in diameter and 2 in. high containing 
an axially centered well 0.5 in. in diameter extending from the top to 
within 0.5 in. of the bottom. The cylinder rested on a hot plate; and 
since the platinum plate received heat from the edges and lost it to 
the evaporating solution In the center, a temperature gradient was 
maintained. This kept the solution from running to the edges of the 
disk while evaporating. Evaporation to dryness took approximately 
15 min, and the bulk of the radon, if not all of it, was removed. After 
an hour or two, during which the A, B, and C bodies largely decayed 
out, a few drops of 7M HCIO., were added to the plate to dissolve the 
deposit, and the evaporation was repeated. This removed the bulk, if 
not all, of any radon remaining from the first evaporation and that 
growing in since. A third evaporation was sometimes performed. 
The plate was then heated to a red heat with a Meker burner, while 
being supported by a platinum sheet containing a 0.75*ln. diameter 
hole so that it would not sag or bend when heated, as would be the 
case if it were held at one point by forceps. The flaming removed 
residual water and acid so that a thin deposit remained. It also served 
to expel any remaining traces of radon, and the instant of flaming was 
taken as zero time for each plate. 

It was found that a sample plate could never again be freed of radon 
after it had been flamed once. When the deposits on plates treated as 
described above and then counted were redissolved in acid and re- 
treated, a higher counting rate always resulted, probably because (A 
fusion of some of the deposit with the platinum to form a substance 
from which radon could not be released by the dissolving procedure, 
or because recoil radon nuclei penetrated too far into the metal sur- 
face. However, when the flaming (and counting) was omitted and the 
sample was allowed to stand several days, repetition of the evapora- 
tion treatment followed by flaming gave results Indistinguishable from 
those obtained with freshly prepared samples from the same solution. 
If the recoil explanation is correct, the water and acid remaining in 
the deposit before flaming must prevent ;tppreciable numbers of recoil 
nuclei from entering the platinum. Since each plate could only be 


tThls gravimetric allquotlng technique was adapted from one devised by Edgar F. 
Westrum, Jr.* 
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flamed once, it could only be counted once, and duplicate checks on 
Individual samples could not be made. 

In spite of the peripheral heating, the evaporating solutions some- 
times tended to spread to the edge of the plate. Since the punching 
process sometimes left irregularities at the edge of the plates, a 
particles emitted from the edge might have a different probability of 
being counted than those emitted from the center. Furthermore, the 
solution might run or creep over, losing radium. In the latter case 
the deposit often became heavier instead of lighter, presumably be- 
cause dissolved brass from the support worked its way through the 
solution onto the plate. Consequently the evaporation was carefully 
watched, and any tendency to run was countered by slightly tipping the 
assembly. 

Each sample plate was examined, after counting, with a stereo- 
scopic microscope at 24x to 36x. Although only 0.1 to 0.5 |ig of radi- 
um was present, the deposit appeared to contain several micrograms 
d solid of a brownish tinge. The bulk of the deposit was presumably 
platinum dissolved from the surface, since similar deposits were 
obtained in the absence of radium. Much of the solid matter seemed 
to be present in irregular rings and lines, which under the microscope 
resembled thin shoals of sand possibly 10 to 20 ju thick at the thickest 
points, with occasional peaks or groups of grains possibly 25 to 50 4 
high. Although the range of a particles in solid matter is about 25 4 , 
self -absorption did not seem to be serious in deposits of the type 
described. This is probably due to the small size of the individual 
crystals, their loose packing, and physical separation of the radium 
and inert solids. Samples examined in an a -particle pulse analyzer^” 
showed the two main a groups of radium" resolved to within the ca- 
pacity of the instrument. This is further evidence that self -absorption 
effects were small. In some samples, however, the deposits were 
thicker, and some deposits extended to the edge of the plates. Plates 
were therefore classified according to the following schemes: 

a. Deposit thin at all points with no material extending to the edge 
of the plate. 

b. Deposit thin at all points but extending to edge of plate; no evi- 
dence for running off, and no deposit in irregularities of platinum. 

c. Deposit somewhat thicker in places than a, but not extendii^ to 
edge. 

d. Same as c, but deposit extending to edge. 

e. Deposit fairly thick or bunched in places, but not extending to 
edge. 

f. Sample obviously faulty because of great thickness, bunching, 
running off edge, inclusion in irregular regions of plate, etc. 
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3.6 Alpha-particle Counting . The counter was a parallel-plate 
ionization chamber through which flowed a mixture of 95 per cent 
argon (tank 99.6 per cent purity) and 5 per cent carbon dioxide at 
atmospheric pressure. The plates were horizontal and 2.5 cm apart, 
the lower plate serving as the sample support and the upper serving 
as the collector. The sample was 1,500 volts negative with respect to 
the collecting electrode, which was near ground potential. Pulses 
were amplified by a high-frequency amplifier, selected from amplifier 
noise, jS-ray pulses, etc., by a biased discriminator, and counted by 
means of a scale-of-512 and electromagnetic recorder .t 

The coincidence correction as a function of counting rate was de- 
termined by the method of least-square analysis of multiple paired- 
source data.'^ It was found that up to 1,200,000 counts per minute the 
recorded rate (R) was related to the true rate (N) as follows: 

N = R + (5.52 X lO** min) R® + (6.97 x 10'*^ min®) R® 

The correction was thus 1.4 percent at 200,000 counts per minute, 4.5 
per cent at 500,000 counts per minute, and 12.5 per cent at 1,000,000 
counts per minute. Sufficient counts were taken to give a probable 
error in the correction of approximately 0.1 per cent of the rate. For 
convenience, a graph of the additive correction vs. the observed rate 
was constructed and used. 

The background of the counter was around 50 counts per minute. 
The high value was due to previous contamination of the counter by 
extensive use in the laboratory, but because of the high coimting rates 
its uncertainty introduced no appreciable error. No contamination of 
the counter by the radium samples was observed. This is further evi- 
dence that active atoms leaving the plate are either swept out of the 
counter or re-collected on the sample plate. 

The counting yield of a thin a -emitting sample spread on a flat 
surface exceeds the geometry factor, 0.5, by a small amount as a 
result of back-scattering of particles entering the support at glancing 
angles. Values reported for thin Pu®®® samples on platinum mounts 
in various types at a counters are as follows: 

Air parallel-plate chamber*® 0.520 

Argon- carbon dioxide parallel-plate chamber*® 0.519 ± 0.002 

Methane proportional counter*® 0,518 


tThls counter was built by A. Ghlorso and A. C. Krueger, who used designs and 
circuits developed at the Argonne National Laboratory and at Los Alamos. The high 
mobility of electrons in argon- carbon dioxide mixtures was reported by J. Allen and 
B. Rossi.** 



16M 


THE TRAKSURAMIUM ELEMENTS 

Since the energy of the main Ra‘” a group, 4.79 mev,''does not differ 
greatly from that of 5.15 mev,*” it is probable that the counting 

yields for the two nuclides are similar. Plutonium samples of ap- 
proximately 10 fig mounted on platinum were used for a direct com- 
parison of the radium cotmter with a low -geometry a counter .t The 
latter had a vacuum collimator whose dimensions were accurately 
measured and whose counting yield, assumed equal to the geometry 
factor, approximately 10~*, could be accurately calculated by the 
method of Kovarik and Adams t Two different plutonium samples 
gaveO.515 and 0.519 forthe counting yield of the parallel-plate count- 
er. The average, 0.517, is somewhat lower than the values previously 
reported, presumably because of the finite thickness of the plutonium 
samples in the present measurements. Our radium samples resem- 
bled our plutonium samples under the microscope and appeared to be 
slightly thicker on the average. Consequently a somewhat lower 
value, 0,515 ± 0.003, was adopted for the average counting yield and 
estimated probable error in these experiments. 

The determinations of the coincidence corrections and of the count- 
ing yield were done at approximately the same time. At this time 
also a series of Pu’’” samples was accurately counted to serve as 
standards. Subsequently the standards were checked frequently; and 
if the rates deviated from the original values, the discriminator was 
adjusted to bring them back into correspondence. This was neces- 
sitated by occasional breakdown and repair and drifts in the char- 
acteristics of the counter. 

Generally two radium samples were prepared early in the same 
day and counted alternately throughout the day, at first for lO-min 
intervals and, after about 2 hr, for 20-min Intervals. About 5 min 
was required for changing samples. The counting rates were in the 
range 100,000 to 300,000 per minute. 

3.7 Interpretation of Counting Data . For each sample the loga- 
rithm of the counting rate, corrected for coincidence loss and back- 
ground, was plotted on transparent graph paper as a function of the 
mid-time of the counting Interval. 

It has been mentioned that the diffusion retention factor, F, can 
be assumed equal to 0.98 for all samples but that the recoil reten- 
tion factor, G, must be determined lor each. To do this, a family of 


tThe cmuiter was made by A. Ghiorso, and the geometrical meaaurementa were 
carried out by Patricia Walsh. 

|The Implicit assumption that the large-angle back-scattering of a particles by thick 
mounts contributes negligibly to the countli^ yield of low-geometry counters appears 
reasonable but is being Investigated theoretically. 
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theoretical curves representing the growth of a activity of pure ra- 
dium samples corresponding to F = 0.98 and to various values ^ 
G[0.65(0,05)0,90] was constructed on a separate transparent sheet on 
the same scale as the experimental plots. The curves had a common 
origin at t s 0 but rose at different rates. This sheet was secured to 
a ground-glass pane Illuminated from behind. 

Each experimental plot was superposed on the theoretical curves 
and, with the vertical axes kept together, was slid up or down until 
the best fit of the observed points, in the later hours, with a theoret- 
ical curve was obtained. The position of the origin of the latter then 
gave the logarithm of the counting rate of the radium alone. Because 
of the presence of some short-lived a emitters at t = 0, the experi- 
mental points always started somewhat higher (0.1 to 2,0 per cent) 
than the theoretical curve selected, but approached the latter In from 
1 to 4 hr. A knowledge of the history of the sample previous to t = 0 
was an aid in fitting the curves because it gave an indication of the 
excess activity to be expected at the start. For example, if the inter- 
val between the two evaporations was shorter than 1 hr, the excess 
was greater, and sometimes the gross activity showed an initial net 
decay; whereas if the interval was greater than 2 hr or if three evap- 
orations were performed, the points could be fitted to a curve almost 
from the beginning. 

The ease with which a given set of points could be fitted with a 
curve and the uncertainty of the fit varied with individual samples. 
Consequently each sample was judged to fall into one of the following 
four classes: 

A. Unique fit, fairly certain extrapolation 

B. Moderately good fit, reasonably certain extrapolation 

C. Poor fit, uncertain extrapolation 

D. Impossible to fit because of scattering of points, obvious error 
in data, Instrumental difficulties, etc. 

Figures 3, 4, and 5 illustrate the method of curve fitting and ex- 
trapolation to t s 0 for samples of each of the first three classes, 

4. RESULTS 

4.1 Experimental Data . The gravimetric data for the radium 
chloride samples and solutions made therefrom are given in Table 2. 

To determine the magnitude of the radon diffusion and recoil losses, 
several radium samples were counted over periods of 15 to 20 days. 
By plotting the data on transparent semilogarithmlc paper and com- 
paring with similarly plotted theoretical curves, the values of F and G 
corresponding to each esqierimental curve were determined. Figure 2 
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shows one set of measurements and its best -fitting theoretical curve; 
the results of all the long-time experiments are given in Table 3. 
The fact that recoil loss is considerable — roughly half the radon 
aton;s recoil in an upward direction and escape from the sample — is 
indicative of the small self -absorption of these samples for the much 
more penetrating a particles. 


Table 2 — Gravimetric Data on Radium Chloride and Solutions 


Stock 

Primary samples 

Secondary samples 

solution 


Wt. of 

Wt. of 


Wt. of 

Final 

No. 

No. 

RaCla 

solution, g 

No. 

aliquot, g 

wt., g 

I 

B 

33.332 jLLg 

6.3751 





C 

30.487 iig 

12.8950 




11 

A 

4.2816 mg 

64.3371 

a 

0.71972 

14.1841 





b 

0.73184 

14.0838 


B 

3.1647 mg 

59.7122 

a 

0.69154 

14.1482 





b 

0.69957 

14.1756 


C 

2.3218 mg 

49.6751 

■■ 

0.68912 

14.0907 





H 

0.68687 

14.4319 


Table 3 — E^qierimental F and G Factors 


Plate No. 

F 

G 

I-A-8 

0,96 

0.75 

I-A-9 

0.98 

0.6B 

1-A-lO 

0.98 

0.75 

n-B-a-1 

0.99 

0.77 

U-B-a-2 

0.98 

0.75 

U-C-a-1 

0.98 

0.79 

n-C-a-2 

1.00 

0,76 


Table 4 contains the data for the individual samples that were 
counted for 8-hr periods. Column 2 gives the weight of solution taken, 
and from this and the data of Table 2 is calculated the weight of radi- 
um on each plate, column 3. Columns 4 and 5 give the classification 
according to the codes described for the sample spread and the curve 
extrapolation, respectively. In column 6 the recoil retention factors 
are recorded. Column 7 contains the counting rates extrapolated to 
zero time. The specific counting rate, obtained by dividing column 7 
by column 3, appears in column 8. The last column contains the 
weighting factor for each value, derived from columns 4 and 5, as 
described below. 
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Table 4 — Data for Individual Counting Samples 


Plate 

Weight of 
solution, 

Weight of 

Classt 

No. 

mg 

Ra, ^g 

PI. 

Cu. 

l-B-12 

53.60 

0.21412 

b 

A 

13 

54.13 

0.21543 

a 

B 

14 

61. B7 

0.24624 

b 

B 

15 

72.10 

0.28695 

a 

B 

16 

41.37 

0.16465 

f 

D 

17 

55.10 

0.21929 

b 

C 

18 

46.31 

0.18431 

a 

A 

19 

38.55 

0.15343 

a 

A 

20 

66.82 

0.26594 

f 

A 

21 

40.33 

0.16051 

a 

A 

22 

44.17 

0.17579 

a 

A 

23 

53.50 

0.21292 

f 

A 

I-C- 1 

89.80 

0.16161 

b 

A 

2 

68.25 

0.12283 

a 

A 

a 

82.37 

0.14B24 


D 

4 

74.63 

0,13431 

a 

A 

S 

31.34 

0.05640 

b 

C 

6 

48.64 

0.08754 

f 

B 

7 

66.91 

0.12042 

a 

B 

B 

100.93 

0.18164 

a 

C 

9 

77.77 

0.13996 

a 

C 

10 

53.83 

0.096BB 

f 

B 

11 

96.46 

0.17720 

a 

D 

12 

73.31 

0.13194 

a 

C 

13 

99.16 

0.17846 

b 

A 

14 

39.31 

0.07075 

a 

B 

15 

81.57 

0.14680 

e 

C 

16 

68.48 

0.12324 

a 

B 

U-A-a-1 

39.17 

0.10068 

a 

B 

2 

37.54 

0.09649 

a 

C 

3 

89.47 

0.22997 

f 

A 

4 

104.04 

0.26742 

f 

B 

5 

66.53 

0,17101 

a 

B 

7 

59,30 

0.15242 

c 

A 

B 

80.61 

0.20720 

e 

A 

9 

82.70 

0.21257 

c 

A 

n-A-b-1 

89.36 

0.23527 

a 

C 

2 

60.21 

0.15849 

a 

C 

3 

104.39 

0.27479 

a 

A 

4 

101.14 

0.26623 

b 

A 

n-B-a-1 

63.23 

0.12468 

a 

A 

2 

78.31 

0.15481 

a 

A 

n^B-b-l 

113.40 

0.22577 

c 

C 

2 

81.65 

0.16256 

a 

C 

3 

54.34 

0.10819 

a 

A 

4 

76.25 

0.15181 

a 

A 

n-C-a-l 

77.73 

0.13525 

a 

C 

2 

101.87 

0.17725 

d 

B 

3 

75.26 

0.13095 

a 

A 

4 

97.93 

0.17040 

a 

B 

11-C-b-l 

73.62 

0.12466 

d 

B 

2 

111,02 

0.18799 

a 

B 

3 

76.24 

0.12910 

d 

B 

4 

100.03 

0.16938 

a 

A 



Counting 
rate at 
t^O. 

Specific 
counting rate, 

Weighting 

G 

c/m 

c/m/4M.g 

factor 

0.71 

239,010 

1,1162 

3 

0.77 

241,330 

1.1202 

2 

0.80 

273,910 

1.1124 

2 

0.78 

317,770 

1.1074 

2 

0.6B 

242.7B0 

1.1071 

1 

0.83 

206,070 

1.1181 

3 

0.70 

171.010 

1.1146 

3 

0.83 

290,540 

(1.0925) 


0.84 

179,300 

1,1171 

3 

0 80 

197,470 

1.1233 

3 

0.71 

220,300 

(1.0347) 


0,77 

180.140 

1.1146 

3 

0.75 

136,530 

1.1115 

3 

O.BO 

147,980 

1.1018 

3 

0.72 

62,800 

1.1149 

1 

0.7B 

94,710 

(1.0819) 


0.65 

133,730 

1.1105 

2 

0.6B 

202,490 

1.1148 

1 

0.82 

153,710 

1.0982 

1 

0.82 

104,480 

(1.0784) 


0.73 

147,100 

1.1149 

1 

0.74 

197,610 

1.1073 

3 

0.65 

78,400 

1.1081 

2 

0.72 

158,860 

(1.0822) 


0.72 

135,960 

1.1032 

2 

0.76 

113,240 

1.1248 

2 

0.77 

108,800 

1.1276 

1 

0.82 

235,240 

(1.0229) 


0.85 

290,810 

(1.0875) 


0,77 

190,990 

1.1166 

2 

0.77 

170,770 

1.1204 

3 

0.78 

226,990 

(1.0955) 


0.79 

239,340 

1.1259 

3 

0.77 

264,310 

1.1234 

1 

O.BO 

177,020 

1.1169 

1 

0.79 

309,600 

1.1267 

3 

0.78 

294,780 

1.1073 

3 

0.85 

138,530 

1.1111 

3 

0.81 

171,840 

1.1100 

3 

O.BO 

252,740 

1.1105 

1 

0.73 

182,940 

1.1254 

1 

0.79 

120,120 

1.1103 

3 

0.73 

170,140 

1.1207 

3 

0.84 

150,110 

1.1099 

1 

0.88 

194,410 

(1.0968) 


O.BO 

145,420 

1.1105 

3 

0.77 

189,980 

1.1140 

2 

0.78 

137,710 

(1.1047) 


0.81 

208.980 

1.1116 

2 

0.B5 

141,910 

(1.0992) 


O.BO 

188,330 

1.1119 

3 


tPl. - plate’, Cu. - curve. 
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The reason for the difference In G obtained for a given sample In 
the short-time (Table 4) and long-time (Table 3) esqperiments is not 
understood. The fact that the values for the long-time experiments 
are always lower may mean that diffusion losses may be larger than 
deduced from the long-time experiments alone, although still not 
sufficiently large to appreciably change the shape of the growth curves 
in the first B hr. Alternatively, the samples may change their char- 
acteristics after standing several days exposed to the atmosphere. In 


Tabic 5 — Average Values of Specific Counting Rate for Each 
Weighed Radium Chloride Sample 


RaClj 

Average specific 

P. E. of 

Weight 

sample 

counting rate, 

average,! 

for final 

No. 

c/m/p pg 

c/m/ppg 

average 

1-B 

1.1161 

0.0011 

1 

l-C 

1.1087 

0.0012 

1 

U-A 

1.1206 

0.0016 

2 

n-B 

1.1144 

0.0016 

2 

11 -C 

1.1118 

0.0005 

2 


tCalculated from the individual values (x), their weights 
(w),the average (x) , and the number of values (n) according 
to 

f 2w(x - X)* 

P. E. of average = 0.6745 y i)z^ 


any event, the correct G factor for extrapolation of the short-time 
data is that deduced from the same data; the points could not be fitted 
to curves having the lower G values derived from the long-time ex- 
periments. 

4.2 Weighting and Averaging . The data were examined from the 
statistical point of view and the following conclusions were reached. 

The plates made from each final solution gave values whose distri- 
bution was not inconsistent with the normal law, if plates of classes 
d,e,and f are rejected. This is not true if these classes are Included, 
for they all give lower values than the others, and a highly unsym- 
metrical distribution results. These samples are a priori likely or 
certain to be low, and are therefore rejected in the final calculations. 
Class b and c samples show ne tendency to give lower values than 
class a samples and hence are retained. The mere fact that a deposit 
extends to the edge of its plate, or is slightly thicker than the best 
spreads, apparently does not appreciably affect the counting rate, A 
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combination of these tvo circumstances, however, is possible evidence 
for running off of the solution, with acquisition of dissolved brass on 
the plate; hence the rejection of class d samples with the retention of 
classes b and c is not an inconsistency. 

In averaging the samples that were retained because of the nature 
of the deposit, weighting factors of 3, 2, and 1 were assigned to sam- 
ples whose curves fell in classes A, B, and C, respectively; class D 
samples were rejected. 

The averages for the two groups of plates from each pair of cor- 
responding A and B solutions in series II do not differ significantly 
from each other. This is the result that would be expected if both 
groups were drawn from the same parent population. This indicates 
that any error introduced by the gravimetric dilution process is 
negligible compared to other errors. Consequently all samples de- 
rived from a given weighed radium chloride sample were averaged 
together; the averages are given with their calculated probable errors 
in Table 5. It is evident that the spread of the averages is consider- 
ably greater than would be expected from their probable errors. This 
indicates that the greatest source of error probably occurs in the 
weighing of the radium chloride samples. 

A final average value was obtained from the averages for the sep- 
arate radium chloride samples. The averages in the I and n series 
were weighted in the ratio 1:2, respectively, since the latter radium 
chloride weighings were done on a larger scale using weights whose 
absolute calibration was known to a higher degree of accuracy. The 
final average specific counting rate and its probable error are 

1.1148 ± 0.0013 X 10‘* counts per minute per gram 

The indicated probable error is merely a precision index, repre- 
senting random errors in weighing, aliquoting, counting, and curve 
fitting. It does not include possible systematic errors such as those 
in the absolute weight calibrations and in the method of Interpreting 
the counting data. To allow for the possibility of such errors a gen- 
erous estimate of 0.5 per cent probable error is made, yielding for 
the specific counting rate and over-all probable error 

1.1148 ± 0.0059 X 10^^ counts per minute per gram 

4.3 Specific Alpha Activity, Disintegration Constant, and Half Life . 
The counting yield has been given. above as 0.515 ± 0.003. On dividing 
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the specific counting rate by the counting yield, the specific a activity 
is obtained 

2.165 ± 0.017 X 10^ a counts per minute per gram 
3.608 ± 0.028 X lO"* a counts per second per gram 

From this the disintegration constant is calculated to be 

1.354 + 0.011 X 10-“ sec-* 

4.274 ± 0.034 X 10-* year'* 

and the half life is calculated as 

1622 ± 13 years 


5. DISCUSSION 

5.1 Comparison with Other Determinations . The result obtained 
by the method described in this paper has been included in Table 1 , 
where it may be compared with earlier values obtained by different 
methods. It occurs approximately in the middle of the range of the 
more recent values. The spread of the values is considerably greater 
than would be expected from the precision or probable accuracy 
claimed for the various methods. 

Most of the other determinations are not as direct as the one given 
in this paper. For example, in many the radium used was “weighed” 
by comparison of its y activity with that of a standard radium source, 
and the amount of radium present was subject to errors in the stand- 
ard source and in the y -radiation measurement. The material used in 
many of the eiqieriments was radon or an active deposit instead of 
radium Itself, and the corrections necessitated by the decay of the 
source and by the y radiation of the other chain members introduce 
additional uncertainties. The indirect methods of determining the a 
activity, such as measuring heat evolution, electric charge carried by 
tile particles, or ionization currents, all Involve corrections or un- 
certain conversion factors. The large discrepancies of the values 
depending on geological methods, such as the comparison of the growth 
rate of radium from ionium with the radium-ionium ratio in minerals, 
can be explained by assuming that the minerals used were not suf- 
flclentty ancient or intact for exact equilibrium to prevail. Thus it is 
perhaps understandable that large errors may exist in previously 
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reported measurements. This is sugg^ested strongly by the different 
results obtained by the same method in separate laboratories. 

The method described in this paper is also subject to uncertainties 
and errors. It is believed that the precision index given (0.8 per cent 
probable error) is a reasonable estimate of the uncertainty of the final 
result due to all likely sources of error. 

Rutherford, Chadwick, and Ellis^^ concluded in 1930 that the specific 
activity probably is between 3.65 x 10^“ and 3.70 x 10^° a particles 
per second per gram, and they adopted the latter value. This value 
was also recommended by the International Radium Standards Com- 
mission report of the same year.*^ In view of the result recorded in 
this paper, these values seem to be too high. 

5.2 Suggested Method for More Accurate Determination . The 
measurement of the a activity of radium might be improved by count- 
ing the a particles from larger radium samples directly with a vacu- 
um low-geometry collimator and an ionization chamber of sufficient 
size to completely stop in its gas all the particles. With a differential 
pulse amplitude selector, the radium ot particles could be counted 
separately in the presence of the more energetic particles from its 
descendants and the less energetic back-scattered particles. With 
this method the counting yield could be known more accurately and 
the interference of the daughters and of back-scattering would be less 
important than in the experiments described in this paper. Such a 
method, coupled with weighings of somewhat larger samples, could 
be expected to give a value for the specific a activity accurate to 0.1 
or 0.2 per cent. 


6. SUMMARY 

The specific activity of radium has been determined by counting the 
Of particles emitted by aliquots of weighed samples of highly purified 
radium chloride in a high-speed parallel-plate ionization counting 
chamber. Comparison of the observed curves of counting rate as a 
function of time after sample preparation with theoretical curves 
permitted an evaluation of the amount of radon lost by recoil and dif- 
fusion and a correction lor the ci activity of radon and its descendants, 
the unavoidable presence of which is the chief difficulty in this direct 
method, The measurements yielded a specific counting rate of 1.1148 
i 0.0059 X 10^“ counts per minute per gram of radium. The counting 
yield of the counter used was estimated as 0.515 ± 0.003 from a com- 
parison of the counter with a low -geometry counter by means of Pu*^® 
samples and a consideration of previous determinations for similar 
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counters. The specific activity is calculated to be 3.608 ± 0.028 x 10^^ 
a disintegrations per second per gram, the disintegration constant to 
be 4.274 ± 0.034 xlO’^ year"^ or 1.354 ± 0.11 x 10"“ sec"^ and the 
half life to be 1622 ± 13 years. 
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RAPID RADIOMETRIC ASSAY FOR RADIUM AND APPLICATION 
TO URANIUM ORE PROCESS SOLUTIONSt 

By D. P. Ames, T. Sedlet, H. H. Anderson, and T. P. Kohman 


1. INTRODUCTION 

The needs of the Manhattan Project for large quantities of uranium 
for military and nuclear -power purposes required not only an increase 
in production facilities but also improvements in processing tech- 
niques. Although radium is now regarded as a secondary rather than, 
as formerly, the primary constituent of uranium ores, its economic 
importance is still such that it must be completely accounted for and 
largely recovered in the processing of high-grade uranium ores. This 
in turn requires adequate analytical methods for radium at various 
points in the uranium-processing procedure. It is necessary in par- 
ticular to be able to determine the radium content of certain of the 
process solutions rapidly so that further processing of these solutions 
may proceed without delay. The time available was given as 30 to 60 
min. On the other hand, the accuracy needed in such a rapid assay is 
not great, particularly in the low-radium solutions. For some of these 
it is necessary only to state whether or not the radium concentration 
is below a designated value. This permissible upper limit was speci- 
fied as 10 g/ml. 

Assays for small quantities of radium are conventionally made by 
the emanation method, of which there are numerous variations. In 
general, to achieve the required sensitivity, these methods reqilire 
more time than is here available. Consequently, we have investigated 
the feasibility of direct counting of the a particles of radium itself as 


tContribution from the Chemistry Division of the Metallurgical Laboratory, Uni 
versity of Chicago, now the Argonne National Laboratory. 

Based on Metallurgical Laboratory Memorandum MUC-GTS-2251 (Apr. 13, 1946). 
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an alternate method. This is simply a modification of an old method 
in which the ionization current produced by a thinly spread layer of 
radium in an ionization chamber was measured with an electrometer.^ 
Alpha -particle counting requires that the active substance be sepa- 
rated in a small bulk of material and in most cases spread as a thin 

Table 1 — Alpha Activities (Disintegrations per Minute) Associated with 1 g 
ot Uranium in Pitchblende! 


Radium series Actinium series Thorium series 


Element 

Isotope 

Activity 

Isotope 

Activity 

Isotope 

Activity 

92 

U 

UI 

733,000 

AcU 

34,000 





nil 

733,000 





91 

Pa 



Pa 

34,000 



90 

Th 

lo 

733,000 

RdAc 

33,600 

Th 

< 2,400 







RdTh 

< 2,400 

89 

Ac 



Ac 

400 



88 

Ra 

Ha 

733,000 

AcX 

34,000 

ThX 

< 2,400 

87 

Fr 






86 

Em 

Rn 

733,000 

An 

34,000 

Tn 

< 2,400 

85 

At**« 

At*^* 

- 300 

At«» 

- 0.2 


84 

Po 

RaA 

733,000 

AcA 

34,000 

ThA 

< 2,400 



RaF 

733,000 




83 

Bi 

Ra(C+C') 

733,000 

Ac(C+C') 

34,000 

Th(C+C') 

< 2,400 



RaE 

' 1 






tThe values for the thorium series are upper limits, corresponding to thorium - 
uranium ratio of 1 per cent by weight, greater than that generally found. 


layer of solid on a flat surface. Besides separating radium from the 
bulk of inert material with which it is associated, the procedure must 
also effect a separation from other a -active substances in the ore. 
In ores not subject to excessive weathering or leaching, such as most 
pitchblendes, radioactive equilibrium prevails, and the members of 
the actinium and radium series are present with activities in the 
ratio 0.046/1, respectively. In pitchblendes the thorium content is 
generally so low that the thorium -series activities always are over- 
shadowed greatly by those of the two uranium series.! Table 1 sum- 
marizes the a activities associated with 1 g of uranium, assuming a 
thorium/uranium ratio of 1 per cent by weight. The elements of Im- 


t According to analyses,* the thorium content of pitchblende Is less than about 0.01 
per cent. A single gravimetric analysis was made which Indicated approximately 1 per 
cent thorium; this, however, would not invalidate the above generalization. 
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portance because of their a -active Isotopes are U, Pa, Th, Em, Po, 
Bi, and Pb, the latter because of daughter Po and B1 activities. 

Precipitation Is the most convenient means of accomplishing the 
Isolation cf radium for counting. Because of the Insolubility of radium 
sulfate, the presence or absence of sulfate In the solution to be as- 
sayed is an Important consideration. Methods for both suUate-free 
and sulfate -containing solutions are needed. 

2. APPARATUS 

Most of the precipitations are carried out in 5 -or 15 -mi centrifuge 
cones. Platinum wire, 10 gauge, is used for stirring. Sedimentation 
Is accomplished with an International Clinical Centrifuge at 2,000 to 
5,000 rpm. For aliquoting small quantities of reagents and standard 
solutions micropipets purchased from Microchemical Specialties Co. 
(usually of 50 microllters capacity) are used. For quantitative trans- 
fers of small amounts of solutions, such as in the spreading of dis- 
solved precipitates on counting plates, uncalibrated capillary pipets 
are employed. 

Platinum foil, which is generally used in this laboratory for mount- 
ing samples for a -particle analysis, was found unsatisfactory because 
of the difficulty of cleaning and testing for reuse. Pyrex disks 2 to 3 
mm thick and 4 cm in dlametert (purchased from Scientific Glass 
Apparatus Co.) were found suitable; they can be discarded after one 
use. Before a plate is used a 2- to 4-mm margin of Zapon lacquer is 
painted around the upper surface and allowed to dry to keep the solu- 
tion from running off. The solution is evaporated by placing the disk 
on a thin asbestos sheet on a hot plate under an infrared lamp (Gen- 
eral Electric Co. 250-watt reflector heat lamp). 

For the measurement of a activities a parallel -plate Ionization 
chamber Is used in conjunction with a pulse amplifier, scaler, and 
recorder. For most of this work, in which precision was of no Im- 
portance and in which high counting rates were not encountered, the 
standard type of air-chamber a counter used on the Metallurgical 
Project* was satisfactory. 

3. PREPARATION AND COUNTING OF RADIUM SAMPLES 

Radium compounds sufficiently Insoluble In acid solution for pre- 
cipitation separations are the sulfate, chloride, bromate, and nitrate. 
In general, the sulfate Is unsatisfactory because of the well-known 


tPrelimlnary experiments were done with 4-cm squares cut trom 2-mm pyrex 
sheets, but these are not so convenient lor counting. 
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tendency of BaS 04 to carry down impurities from solution. Chloride 
precipitation of barium has found extensive use on the Metallurgical 
Project in fission -product studies'* and consequently was adopted for 
this work. The solubilities of radium and barium chlorides depend 
markedly on the HCl concentration, being moderately high in water 
or dilute acid and very low in concentrated solutions (6N or greater). 
Precipitates are thus conveniently dissolved in a small amount of 
water, and the compound is reprecipitated by adding a large excess 
of concentrated HCl. Nitrate and bromide precipitations were not 
tried because the chloride method was so successful. 

Because of the small amounts of radium to be precipitated, a car- 
rier is always necessary. Barium Is very similar to radium in its 
chemical properties* and can be used in all cases except those in 
which a large amount of carrier is required and a separation from 
the carrier must be made later, or when sulfate is present, causing 
BaSOf to form. In such cases lead sulfate was found useful as an 
alternate carrier. 

The final step in the radiometric analysis consists in spreading the 
separated radium with its barium carrier on a flat plate and counting 
in a parallel -plate ionization chamber before the radon and other 
active descendants grow in to an appreciable extent. When a solution 
containing a few milligrams of BaCl, is simply evaporated to dryness 
on a flat surface an irregular deposit is obtained, resulting in large 
and variable self -absorption of a particles. H, however, sulfuric acid 
is added to the solution during evaporation, there results a uniform 
deposit of BaSOf suitable for a counting. A satisfactory technique is 
to evaporate the solution 2 to 3 min so that any radon can escape, add 
5 drops of IN HgSO^, and continue the evaporation to dryness. The 
plate is then flamed to a red heat in a Meker burner to drive off re- 
sidual sulfuric acid and to burn off the lacquer border. 

When radium is precipitated with a few milligrams of BaCl,, dis- 
solved in water, and mounted on aplate as just described, the counting 
rate starts at a minimum and grows steadily as radon and its daugh- 
ters accumulate, as shown in Fig. 1, curve A. This is evidence that 
the BaCl, precipitation effects a separation from the active deposit 
activities. In such cases it is desirable to count the sample immedi- 
ately, say within 20 min. If, however, radium that has not been freshly 
prepared is transferred directly to a plate and mounted, the counting 
rate decreases at first because of the decay of the RaA-B-C complex; 
reaches a minimum in 1 to 3 hr, depending on the amount of these 
activities present; and then Increases slowly, as shown in Fig. 1, 
curve B. In general, 2 hr is sufficient time to wait before counting in 
such cases, and the activity counted will be 3 to 8 per cent high as a 
result of the daughter activities present. 
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The effect of self -absorption (l.e., absorption of the radium a par- 
ticles in the deposit with a resultant decrease in the counting rate) 
was studied by adding to counting plates a constant amount of radium 
and variable amounts of barium, preparing the deposits as usual, and 



0 <00 200 300 400 500 

TIME IN MINUTES 


Fig. 1 — Variation of a activity of radium deposits witli time. A, old radium sample. 

freshly precipitated radium. C, theoretical for initially pure radium, assuming no 
loss of radon by recoil or diffusion. Curves arbitrarily normalized at 7 hr. On scale 
Ra =1.00, curves A and B would be lower because of recoil and diffusion losses. 


counting after 2 hr. The results are shown in Fig. 2. Although the 
decrease in counting rate is theoretically nearly a linear function of 
the sample thickness for thin uniform deposits, the curve obtained in 
this experiment drops rapidly at first and then more slowly. This is 
probably because the deposits are not truly uniform but form fairly 
large particles of BaSO, even when only small amounts are present. 
Knowing the weight of carrier used, it is possible to correct the re- 
sult for self -absorption by use of the curve of Fig. 2 or a curve simi- 
larly obtained for the particular technique employed. 

The conditions for the chloride precipitation are essentially those 
used for barium.* To 1 volume of the solution is added 7 volumes of 
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Ice-cold HCl -ether solution consisting of 6 parts of concentrated HCl 
and 1 part of ethyl ether. The ether is effective in reducing the solu- 
bility of the BaCl^-RaClj. The precipitation is complete almost im- 
mediately if the solution is stirred vigorously. Following centrlfuga- 



Flg. 2 — Sell-absorptlon of radium a particles in barium sulfate deposits. 


tion and decantation of the supernatant liquid, the precipitate is washed 
twice by suspension in 1 volume of cold HCl -ether and centrifugation. 
It can be dissolved in a small amount of water or dilute acid and re- 
precipitated with 1 to 2 volumes of cold HC 1-ether reagent to effect a 
purification. 

In order to determine the amount of barium needed to carry radium 
quantitatively in this procedure, tests were made using a constant 
amount of radium and varying amounts of barium in 1 ml of uranyl 
nitrate solution (200 mg of uranium per milliliter). Following addition 
of 7 ml of HCl -ether, the solution was stirred for 1 to 2 min in an ice 
bath and centrifuged for 5 min. The precipitate was washed twice 
with 1 ml of HCl -ether, dissolved in a few drops of IN HNO,, and 
transferred to a counting plate with a capillary pipet. The centrifuge 
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cone and pipet were rinsed onto the plate with several portions of IN 
HNp,. The amount of radium present at the beginning was determined 
by transferring equal aliquots directly to plates and counting. (In 
experiments of this type It is necessary to use radium that has been 
recently purified by BaCl, precipitation to free It of polonium, which 



Fig. 3 — Carrying of radium by barium chloride from uranyl nitrate solutions; 7 ml of 
HCl-ether reagent added to 1 ml of solution containing radium, protactinium, and 200 
mg of uranium. 

Is found in aged radium solutions.) The results of the carrying tests, 
corrected for self -absorption by means of Fig. 2, are plotted In Fig. 
3. It is seen that 5 mg of barium per milliliter of solution Is neces- 
sary for complete carrying, and 10 mg per milliliter was adopted for 
standard procedure. 

When the barium is added to the solution after the addition of the 
HCl-ether, complete carrying occurs If stirring Is rapid and com- 
plete. However, in many instances Incomplete carrying was observed, 
particularly with smaller amounts of carrier. Therefore barium 
should be added before the HCl-ether whenever this Is possible. 
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4, CONVERSION FACTORS, SENSITIVITY, AND ACCURACY 

The half life and specific activity of radium are known only to an 
accuracy of several per cent. The most probable half life is 1,620 
years, corresponding to a specific o; activity of 2.17 x 10“ disintegra- 
tions per minute per gram.* For thin deposits on glass the counting 
y ield in parallel -plate ionization chambers is approximately 0.51 
(slightly greater than Vi because of back -scattering), leading to a 
specific counting rate of 1.10 x 10“ counts per minute per gram under 
ideal conditions. 

Because of the possibility of small chemical losses due to solu- 
bilities and mechanical losses in centrifugal separations, because of 
irregularities in the distribution of samples on counting plates, and 
because of the difficulty of completely eliminating interference by 
the daughters of radium, results are not reproducible to better than 
several per cent by this method. Since chemical losses and self- 
absorption both lead to low results, a net specific counting rate of 
1 .00 X 10^* counts per minute per gram is assumed for approximate 
purposes. Thus 1 count per minute conveniently corresponds to Ippg 
(10 ~“ g) of radium. Where greater accuracy is required, the factor 
can be determined empirically for the particular technique used, and 
the effect of self -absorption can be considered for each measurement. 

The background counting rate of ordinary a counters is usually 
about 0.5 to 2 counts per minute. The sensitivity of the method for 
pure radium samples, using counting periods of 10 to 20 min, is thus 
about 1 count per minute or 10 g of radium. 

From the spread of the individual values in Figs. 2 and 3 and from 
other experience with this method, it is estimated that the accuracy 
of the method at high radium levels corresponds to a probable error 
of 3 to 10 per cent, depending on the particular application. Appar- 
ently the greatest cause of variation is the irreproduclbility of the 
deposits on the counting plates. 

5. ASSAY OF SULFATE -FREE SOLUTIONS 

Tests of the separation of each of the important a -emitting ele - 
ments by BaClj precipitation from sulfate -free solutions were made 
by precipitating BaCl, in the absence of radium from solutions con- 
taining suitable radioactive isotopes of those elements to serve as 
indicators. The results, summarized in Table 2, indicate that a single 
precipitation followed by two washes adequately eliminates interfer- 
ence from all other a emitters. Separation from bismuth appears to 
be not quite so good as from U, Pa, Th, Po, and Em, but only small 
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amounts of bismuth a activities can be present. Later data (Table 4) 
and the experience of others in this laboratory indicate that actinium 
is carried to a considerable extent by BaCl,; however, negligible 
actinium a activity is encountered in uranium ores (Table 1). 


Table 2 — Separation of or -active Contaminants by BaCl, Precipitation 
from Sulfate-free Solutions 


Element 

Indicator 

Procedure 

Per cent 
carried 

U 

Natural U (a) 

1 ml of 20% uranyl nitrate hexahydrate 

7 ml of HCl-ether, 2 m^ of Ba 

2 washes with 1 ml of HCl-ether 

SO.OOlt 



1 ml of 40% uranyl nitrate hexahydrate 

7 ml of HCl-ether, 11.5 mg of Ba 

2 washes with 1 ml of HCl-ether 

« o.ooat 

Pa 

Pa*” (<1) 

1 ml of IN HNO3 

7 ml of HCl-ether, 11 mg of Ba 

2 washes with 1 ml of HCl-ether 

0.051 

0.035 

Th 

lo (a) 

1 ml of IN HNO, 

7 ml of HCl-ether, 11 mg of Ba 

2 washes with 1 ml of HCl-ether 

0.01 

0.01 

Em 

Rn (a) 

Evaporation of Ra samples 

BaClg precipitation of Ra 

RaClg precipitation (pure Ra) 

-^O.lt 

Po 

RaF <a) 

1 ml of IN HNO, 

7 ml of HCl-ether, 10 mg of Ba 

2 washes with 1 ml of HCl-ether 

Plates flamed in Meker burner 

0.04 

0.05 

Bi 

RaE (/)) 

1 ml of IN HNO3 

7 ml of HCl-ether, 10 mg of Ba 

2 washes with 1 ml of HCl-ether 

0.5 

0.3 

Pb 

Ra(B+C+C") (y) 

RaClj precipitation (pure Ra) 

<lt 


t Numerous experiments. 

The presence of uranium in concentrations up to 300 mg per milli- 
liter was found not to interfere with the quantitative carrying of radi- 
um by BaClj. 

As a result of these tests it is evident that the procedure described 
is satisfactory for sulfate -free solutions that do not contain excessive 
amounts of barium. 
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6. ASSAY OF SULFATE -CONTAINING SOLUTIONS 

Since significant amounts of radium may remain in sulfate solutions 
in spite of the low solubility of RaSO^, an assay procedure applicable 
to sulfate -containing solutions is necessary. BaSO^ precipitated from 
a solution containing uranyl nitrate and sulfuric acid carries appreci- 
able amounts of uranium a activity that cannot be removed by numer- 
ous washings; BaSO^ is known to carry other impurities as well. 
Since no simple method of dissolution and reprecipitation is available, 
this procedure is obviously unsuited to radium assay. 

Attempts were made to precipitate BaC^ preferentially from solu- 
tions containing sulfate by first adding a large excess (7 volumes) of 
HCl -ether mixture and then introducing the barium. When the H2SO4 
concentration of the original solution was 0.5N or greater, the pre- 
cipitate obtained was in part the sulfate, as indicated by its failure to 
dissolve completely in water. Since solutions having appreciable 
sulfate concentrations may be encountered, this procedure is not 
satisfactory. 

A means of separating the radium from the sulfate -containing solu- 
tion preliminary to its precipitation with BaClj was then sought. Of 
the methods tried, preliminary precipitation of PbSO^, which is known 
to be a good carrier for Ra,*'^ was found to be satisfactory. PbS04 is 
readily soluble in the HCl -ether solution, and the amount of sulfate 
now present is so small that the precipitate formed on addition of 
barium is exclusively the chloride, as indicated by its complete solu- 
bility in water. 

Suspension of the PbS04 precipitate in water for washing, which is 
necessary to remove H2SO4, results in a layer of the precipitate that 
clings to the surface of the solution and creeps up the walls of the 
tube so that it cannot be centrifuged down. This can be prevented by 
the addition of a drop of 5 per cent aerosol solution (5 per cent aque- 
ous solution of Aerosol-OT, dioctyl sodium sulfosuccinate, manu- 
factured by American Cyanamid Company) to 1 ml of wash water. 
Aerosol results in a water -insoluble residue in the subsequent BaClj 
precipitation, and it must be removed by a final wash with water in 
which care is taken not to disturb the pe^cked precipitate. 

Experiments were performed to determine the conditions neces- 
sary for complete carrying of radium by PbS04. In some experiments 
the PbS04 precipitates were spread on plates and counted, and in 
others the precipitates were dissolved in HCl-ether and assayed by 
BaCl, precipitation. In 6N HjjS04, in which Oie solubility of PbS04 is a 
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minimum, a lead concentration of 2 mg per milliliter was found nec- 
essary for complete carrying; 5 mg per milliliter was adopted for 
the standard procedure. With this lead concentration 2N H,S 04 was 
found to be sufficient in the absence of uranium, but, to compensate 

Table 3 — Separation of or -active Contaminants by PbSO^ Precipitation 
from Sulfate -containing Solutions 


Element Indicator Procedure Per cent carried 

U Natural U (a) 1 ml of 40% uranyl nitrate hexahydrate 2.0 

5 mg of Pb, 6N H,SO, 1.5 

No washing 1.7 

Same, but 3 washes with 1 ml of H,0 ^O.Olt 

Pa Pa”* (^) 1 ml IN HNO, 3.5 

5 mg of Pb, 6N H*SO^ 3.7 

3 washes with 1 ml of HjO 

Th lo (a) 1 ml of 40% uranyl nitrate hexahydrate 7,7 

5 mg of Pb, 6N H.SO^ 7.2 

3 washes with 1 ml of H,0 7.5 

Ac MsTh, (/9) 1 ml of IN HNOy 90 

5 mg of Pb, 6N H,SO, 

No washing 

Same, but 3 washes with 1 ml of 11,0 36 

Po RaF (a) 1 ml of IN HNO, 90 

5 mg of Pb, 6N 
3 washes with 1 ml of H^O 
Plate not flamed 

Same, but plates flamed in Meker burner 2.5 

2.1 

0.9 

B1 Ra£ (^) 1 ml of IN HNO, 47 

5 mg of Pb, 6N H^SO^ 44 

3 washes with 1 ml of H,0 


t Numerous experiments. 

for possible complexing of sulfate by uranium, 6N HgSO, was retained. 
Addition extra HjSOf may be necessary. 

The beha^or of contaminating elements in the PbSO. precipitation 
and in the over -all two -step procedure is shown by the results of tests 
tabulated in Tables 3 and 4, respectively. Although the first step does 
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Table 4 — Separation of a -active Contaminants by PhSO^-BaCl, Precipitation 
Procedure from SuUate-containing Solutions 

Element Indicator Procedure Per cent carried 

Natural U (or) 1 ml 40%uranyl nitrate hexahydrate ^O.OOSt 
5 mg of Pb, eN H,SO^ 

3 washes with 1 ml of H^O 
2 ml of HCl-ether, 2 mg of Ba 
2 washes with I ml oi HCl-ether 


Pa Pa"' (o) 1 ml of IN HNO, 0.48 

5 mg of Pb, 6N H25O4 0.25 

4 washes with 1 ml of H2O 

2 ml of HCl-ether, 2 mg of Ba 

2 washes with 1 ml of HCl-ether 

Th lo (a) 1 ml of IN HNO, 0.02 

5 mg of Pb, ON H2SO4 * 0.02 

3 washes with 1 ml of H^O 0.03 

2 ml of HCl-ether, 2 mg of Ba 

2 washes with 1 ml of HCl-ether 

Same, but no washing 0.23 

Ac MsTh, (0) 1 ml of IN HNO, 9.5 

5 mg of Pb, 6N H2SO4 7.4 

3 washes with 1 ml of H^O 

2 ml of HCl-ether, 2.3 mg of Ba 
2 washes with 1 ml of HCl-ether 

Po RaF {a) 1 ml of IN HNO, 0.5 

5 mg of Pb, 6N H,S04 0.5 

4 washes with 1 ml of H2O 

2 ml of HCl-ether, 2 mg of Ba 


2 washes with 1 ml of HCl-ether 
Plates not flamed 

Same, but plates flamed in Meker burner 0.03 

0.01 


Bi RaE (/3) 1 ml of 40% uranyl nitrate hexahydrate 1.2 

5 mg of Pb, 6N H^SOi 1.4 

4 washes with 1 ml of N^O 1.3 

2 ml of HCl-ether, 2 mg of Ba 2.0 

2 washes with 1 ml of HCl-ether 


t Numerous experiments. 
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not give clean precipitation, both steps together give satisfactory 
separation from all important contaminants. Protactinium and bis- 
muth are not so cleanly separated as uranium, thorium, and polonium, 
but the small a levels of these elements make the observed separa- 
tion adequate. These experiments indicate that it is important to flame 
the plates so that polonium will be volatilized off. 

It is to be noted that this two-step procedure can, if desired, be 
used as a means of concentrating radium from a considerable volume 
of solution for counting, provided the amount of barium present is 
negligible. For example, precipitation of radium from 100 ml of solu- 
tion by the HCl-ether method would require several hundred milli- 
grams of barium carrier. If, however, it were first carried with 
200 mg of lead as the sulfate and dissolved in 10 ml of HCl-ether, it 
could be precipitated for counting with only 10 mg of barium. 

7. APPUCATION TO URANIUM ORE PROCESS SOLUTIONS 

While developing the assay procedures, numerous tests were made 
on actual process solutions. The true radium contents of these solu- 
tions were determined by an emanation procedure.” 

In the early comparisons with aged solutions, there were observed 
systematic discrepancies between the precipitation and emanation 
results. The former were always appreciably higher than the latter 
and presumably correct values. This was attributed to the presence 
of a -emitting AcX(Ra”””) in the solutions. Since this is isotopic with 
Ra”””, it is removed to the same extent as the latter. However, if its 
parent, RdAc(Th*”), is not removed, AcX will grow from it at an 
initial rate corresponding to 0.28 per cent of the original radium 
Of activity per day. This interpretation was checked by precipitation 
assays made at various time intervals after removal of radium from 
the solutions; the a activity increased with time and corresponded 
approximately to the amount expected from the ages of the solutions. 
Moreover, when the process solutions were freed of radium by BaCl^ 
precipitation, radium a activity again grew into the solutions. 

It is evident that this assay method is not specific for Ra””” but is a 
general one for radium a activity. In uranium processing it can be 
applied only on fresh solutions. The results of tests on fresh process 
solutions are shown in Table 5. From these results it appears that 
the two-step method for sulfate -containing solutions gives values for 
fresh solutions that are consistently about 10"^° g per milliliter higher 
than does the emanation method. This difference is probably due 
to slight contamination by the various a-actlve materials present. 
Since this is only about a tenth of Uie permissible radium concentra- 
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tlon, approximately lO** g per milliliter, the error In assuming a 
constant correction trf lO’*** g per milliliter will be negligible. The 
sensitivity of the method for fresh process solutions is thus about 
g per milliliter. 

The results on sulfate-free solutions by BaCl, precipitation were 
not conclusive. On the basis of early ejqieriments, 2 mg of barium 


Table S — Assay of Pilot -plant Process Solutions for Radium 




Ra concentration by 


Sample 

Type 

Age 

precipitation assay, 
(g/nil) X 10-“* 

Methodt Amount Av. 

Ra concentration by 
emanation assay, 
(g/ml) X 10 -‘o 

Sulfate- 

Fresh 

A 

1.5 



containing 


A 

1.3 

1.4 

0.5 



A 

1.5 




2 days 

A 

10 




Suliate- 

Fresh 

A 

4.7 

1 4.B 

4.5 

containing 


A 

5.0 

Sulfate- 

Fresh 

A 

3.4 

1 3.3 

2.2 

containing 


A 

3.2. 

Sulfate - 
free 

6 days 

Bt 

Bt 

4.71 
5.8 1 

5.2 

0.75 

Sulfate - 

6 days 

Bt 

6.3 

1 


free 


Bl 

7.81 


Sulfate- 

Fresh 

Bt 

14 




free 


Bt 

Ct 

16 

26 


17 

32 



Ct 

12 





tMethods: A, PbSO, precipitation followed by BaCl, precipitation. B, single BaCl, 
precipitation. C, double BaCl, precipitation. 

t Precipitation results low because of Inadequate carrier (see Sec. 7). 


per milliliter was used as carriei in these tests. The low and erratic 
results on the fresh solution as well as the data of Figi 3 indicate 
that carrying was Incomplete because of insufficient barium. Simi- 
larly, the results on 6-day-old solutions were considerably below the 
values expected from AcX growth (approximately 10 x lO''** g per 
mlllUiter Ra equivalent). It is noteworthy that on the fresh sulfate - 
free solution the precipitation assay was lower than the emanation 
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result; the high radium level d this solution concealed any possible 
contamination effect. There was no opportunity to continue these 
tests, but, as a result of subsequent eiqierlments with synthetic solu- 
tions, it appears certain that the BaCl, precipitation method should 
be satisfactory for sulfate -free solutions 11 an original barium con- 
centration of 10 mg per milliliter Is used. 

8. DETAILS OF PROCEDURES FOR URANIUM ORE PROCESS 
SOLUTIONS 

The details of technique and interpretation d the assay method for 
a particular routine application should be determined by further ex- 
periments on actual samples. For sulfate -free solutions it will be 
necessary to determine whether a single BaCl, precipitation is suf- 
ficient, or whether a double precipitation is required. The correction 
for contaminating a activity should be determined for each type d 
solution by a number d parallel precipitation and emanation analyses. 
It maybe desirable to determine more accurately the factor for con- 
verting counting rates to radium concentrations, by adding known 
amounts d radium to process solutions. If the techniques are stand- 
ardized, the empirical determination d this factor will make a knowl- 
edge d chemical losses, self -absorption, etc., unnecessary. The 
rate d growth d AcX activity In the particular type d solutions to be 
assayed should be determined. Finally, it may be possible to simplify 
the assay techniques by eliminating washes, etc. 

Tentative procedures for the assay d process solutions are given 
In detail below. 

8.1 Sulfate -free Solutions . Total time required: 25 min. 

1. Measure 1 ml d the fresh solution into a 15 -ml centrifuge 
cone. 

2. Add 0.05 ml d 1.5M BaCl, solution (10 mg d Ba). 

3. Add 7 ml d a cold (0°C) mixture d 6-to-l concentrated HCl- 
ether mixture, stir with a platinum wire (20 gauge), keeping tube In 
ice bath. 

4. Centrifuge 3 min at 3,000 rpm, withdraw supernatant liquid 
with transfer plpet, discard supernatant liquid. 

5. Wash precipitate with 1 ml d Ice-cold HCl-ether« centrifuge, 
discard supernatant liquid. 

6. Repeat step 5. 

7. Add 0.5 mid IN HNO, to dissolve precipitate. Using a transfer 
P4>et, transfer Uie solution to a clean pyrex counting plate (2 mm 
thick, 4 cm in diameter) ringed with Zapon lacquer (applied with a 
brush in a margln2 to4 mm wide around the edge and allowed to dry). 
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Rinse the centrifuge tube and plpet several times with IN HNO* to 
obtain a complete transfer. 

8. Place the counting plate on a thin asbestos sheet m a small hot 
plate and heat from above with an infrared heat lamp (250 watt) until 
bubbles begin to form and rise (2 to 3 min, to drive off radon). 

9. Add 5 drops of IN HjSO^ and evaporate to dryness. 

10. Flame the plate with a Meker burner to burn off the Zapon ring 
and to drive off all HgSO^. 

11. Count the deposit immediately (within 20 min) in a standard 
parallel -plate a counter. 

12. Calculate the radium content of the process solution as follows: 

Radium concentration (g/ml) = counting rate (c/m) x 10"“ 

8.2 Sulfate -containing Solutions . Total time required: 45 min. 

1. Measure 1 ml of the fresh solution into a 15 -ml centrifuge cone. 

2. Add 0.05 ml of 0.3M Pb(NOj|), solution (3 mg of lead). Stir well 
with a platinum wire (20 gauge). 

3. Add 0.2 ml of concentrated H2SO4, stir vigorously (final H^SO^ 
concentration 6N). Cool 2 to 3 min in ice bath. 

4. Centrifuge 3 min at 3,000 rpm, withdraw supernatant liquid 
with transfer plpet and discard. 

5. Add 1 ml of distilled water and 1 drop of 5 per cent aerosol, 
suspend precipitate by stirring with platinum wire, centrifuge, and 
remove supernatant liquid as before. 

6. Repeat step 5. 

7. Repeat step 5 again. 

8. Carefully add 1 ml of water without stirring, centriluge, and 
remove supernatant liquid (to remove aerosol). 

0. Add 1.5 ml of a cold (O^C) mixture of 6-to-l concentrated HCl- 
ether mixture; stir to dissolve precipitate, keeping tube in ice bath. 

10. Add 0.05 ml of 0.3M BaCl, solution (2 mg of Ba); stir well. 

11. Centrifuge; discard supernatant liquid. 

12. Suspend precipitate in 1 ml of ice-cold HCl-ether mixture, 
centrifuge, and discard supernatant liquid. 

13. Repeat step 12. 

14. Add 0.5 ml of IN HNO, to dissolve precipitate. Using a trans- 
fer plpet, transfer the solution to a clean pyrex counting plate (2 mm 
thick, 4 cm in diameter) ringed with Zapon lacquer (applied with a 
brush in a margin 2 to 4 mm wide around the edge and allowed to dry). 
Rinse the centrifuge tube and plpet several times with IN HNO, to 
obtain a complete transfer. 

15. Place the counting plate on a thin asbestos sheet on a small hot 
plate and heat from above with an infrared heat lamp (250 watts) until 
bubbles begin to form and rise (2 to 3 min, to drive off radon). 
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16, Add 5 drops of IN H,S 04 and evaporate to dryness, 

17. Flame the plate with a Meker burner to burn off the Zapon ring 
and to drive off all H,S 04 . 

16, Count the deposit Immediately (within 20 min) In a standard 
parallel -plate a counter, 

19, Calculate the radium content of the process solution as follows: 
Radium concentration (g/ml) = counting rate (c/m) x 10~“ 

9. SUMMARY 

A riqpld method of assay for radium in solution, based on the pre- 
cipitation of radium with barium as carrier and counting of its a par- 
ticles, has been described. In sulfate -free solutions (Ba,Ra)Cl 2 is 
precipitated with concentrated HCl and ether. In sulfate -containing 
solutions (Pb,Ra)S 04 is first precipitated, followed by a (Ba,Ra)Cl 2 
precipitation. The chloride Is converted to the sulfate on a pyrex 
disk for a-partlcle counting in a parallel -plate ionization chamber. 
The method is general for all a-emittlng radium isotopes, is sensitive 
to 10'^’ g of Ra”*, and is accurate to 3 to 10 per cent. It separates 
radium from all other a-emltting substances accompanying it in 
nature. Applications of this method to uranium ore process solutions 
have also been described. The method is suitable for certain control 
problems in which knowledge of approximate radium concentrations is 
required in 30 to 60 min. In this application the sensitivity is limited 
by interfering activities to 10'*° g of radium per milliliter. 
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THE SPECIFIC ALPHA RADIOACTIVITY AND HALF LIFE OF 
PLUTONIUM ISOTOPE OF MASS 239t 

By E. F. Westrum, Jr., J. C. Hindman, and R. Greenlee 


In addition to interest in the specific activity of along-lived isotope 
in the calculation of its radioactive disintegration constants and nu- 
clear energetics, accurate determinations of the specific activity are 
of value in the analysis of compounds of the radioactive element. The 
establishment of the composition, the purity, or the concentration in 
solution of plutonium compounds can often be made with convenience 
and precision for physicochemical measurements if a reliable value 
of the specific activity is available. 


1. EARLY MEASUREMENTS OF THE HALF LIFE OF Pu*" 

Wahl and Seaborg' measured the ratio of 23.2-min U^^” |3 particles 
to daughter Pu^^’ a particles in the chain 


Ua39_2_ Np*”— ^ Pu* 

23.2 min ^ 2.33 days 


They assumed that U‘^' emitted no conversion electrons detectable in 
their experiments and obtained a value of 2.3 x 10* years for the half 
life of Pu*”. 

A preliminary determination, primarily of historical interest, of 
the specific activity of Pu“* was made by weighing only 4.45 ng of the 
first preparation of plutonium dioxide on a Salvioni microbalance at a 
time when the chemical formula of the compound had not been defi- 
nitely established.* 


tContrlbution from the Chemistry Division of the Metallurgical Laboratory, Uni- 
versity of Chicago, now the Argonne National Laboratory. 

Based on work reported in Metallurgical Laboratory Memorandums MUC-GTS- 
2042 (Oct. 25, 1945), MUC-GTS-2075 (Nov. It, 1945), and MUC-GT8-2032 (Nov. 13, 
1945). 

Itl7 
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Adi^ltional results were presented later.' Three more determina- 
tions* of the specific activity of plutonium and a revision of the count- 
ing yield to 47 per cent were reported by weighing about T.Sjig of 
PuO|On a platinum disk on aSalvioni mlcrobalance, another by weigh- 
ing about 3 mb of Pu(IOs) 4 , and the third by weighing about 50 fig of 



Table 1 — Summary of 

Early Specific Activity Values*'^ 

for Pu*” 



Amount 

Specific activity, dls/mln/jitg 

Compound 

Mlcrobalance 

weighed. 


Corrected to 

weighed 

used 

ug 

Reported 

52% geometry 

PuO, 

Salvloni 

4.5 

167,000 

145.000 

PuO, 

Salvloni 

(?) 

163.000 

141.000 

PuO, 

Salvloni 

~7.5 

157.000 

142.000 

Pu(IO,)« 

Salvloni 

-3 

155.000 

140.000 

Pu(IO,)4 

Ainsworth 

-50 

154.000 

130.000 

Ml.OOOt (av.) 


tThe authors estimated a probable error of 5%. 


Pu(I 03)4 on an Ainsworth microbalance. A summary of the early val- 
ues is presented in Table 1. Despite the limited microquantities of 
plutonium available, these values are certainly within the experi- 
mental uncertainty of the latest values of specific activity. 

2. COUNTING INSTRUMENTS AND PRELIMINARY MEASUREMENTS 

2.1 Instruments and Procedure . Most of the measurements de- 
scribed in this paper were made on a single parallel-plate nitrogen- 
filled counter (Metallurgical Laboratory counter N-4) with three 
scalar circuits cumulating a count of 512. This Instrument is charac- 
terized by a counting yield of almost 52 per cent and a relatively 
short resolving time. The coincidence correction is about 1.1 per cent 
at 100,000 counts per minute. Commercially available nitrogen was 
suspected as the cause of fluctuations in the counting efficiency ob- 
served in early measurements, and a mixture of 96 per cent argon 
and 4 per cent COj by volume was employed with very reproducible 
results in most of the later measurements. Since 99.9 per cent argon 
and various argon-COg mixtures were employed at various times and 
since electronic and Inexplicable variations in the counting efficiency 
were occasionally observed, several * ‘standard" control plates were 
counted to at least equivalent statistical certainty at the beginning and 
end of tlw day that other plates were counted. In this way it was pos- 
sible for convenience of presentatim and comparison to report most 
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of the data obtained on this counter over a period of months on the 
basis of the standard behavior of the N -4 counter at the time when its 
counting efficiency was compared to a special low-geometry counter, 
in this way the fluctuations in the observed counts due to changes 
in the gas mixture, pulse-height selector setting, plateau, electronics, 
and unknown effects are largely eliminated. 

Since the original purpose of the measurements was to produce 
relative values of the amounts of plutonium dissolved rather than ab- 
solute specific activities, this presentation occasions no uncertainty. 
The plates of interest in such a comparison were repeatedly counted 
in rotation in such an order as to minimize the drift in the counter 
efficiency. A sufficient number of counts were made to ensure a sta- 
tistical uncertainty not larger than several hundredths of a per cent. 
The duration of the counting period was determined with a stcq) watch 
calibrated against the time signals broadcast by the National Bureau 
of Standards. 

2.2 Conventions Regarding Estimation of Reliability ot the Data . 
The procedures recommended by Rossini and Deming* for ^e stalls - 
tical treatment of data were applied to all measurements here re- 
ported. The estimated standard deviation S' of the mean value x of a 
set of N individual determinations Xj is defined as 

N(N - 1) 

in their notation and is a measure of the spread or deviations actually 
observed in the set. It is not to be confused with the statistical re- 
liability (“standard error”) based on the number of observed disin- 
tegrations. Unless otherwise noted, this statistical variation in the 
disintegration rate on the basis of the total observed counts is smaller 
than the observed deviation counts on the same or similar samples. 
Combination and cumulation of errors are computed by application of 
the usual rules. 

The values of standard deviations appended to the mean values in 
the data are Indeed measures of the precision of the measurements, 
but are not to be construed as Intended specifications of probable er- 
iiors for the absolute value of the measurement. 

By virtue of the nature of the original problems of which much of 
these data are a by-product, no initial attempts were made by the 
authors to purify the extremely .pure and well- decontaminated stock 
solutions prepared by other individuals. Also additional purifications 
and decontaminations were not followed by repeated a radiometric 
assays to establish the absolute specific activity of the sample. 
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2.3 Counter Geometry and Preliminary Measurements . Cunning- 
ham, Ghiorso7aiid~Hlrtdinai?TonitruHed~and~caUbrat^^ low-geom- 
etry counter of accurately calculable geometry and comi)ared the 
counting rates of the low-geometry counter and that of the standard 
parallel-plate air -filled counter. 

For this comparison three Pu^^* samples (approximately 2 pg each) 
were prepared and spread over an area of about 20 sq mm of plati- 
num and counted In the vacuum low-geometry counter. Each sample 
was then dissolved completely and diluted to 10 ml. Twenty -five- 
microllter aliquots of the resultant solution were placed on new flat 
platinum disks, evaporated to dryness, ignited, and counted in the "50 
percent" standard chamber. These data are presented in Table 2. 


Table 2 — Evaluation of the CountinR Yield of the Standard Parallel -plate Chamber* 



Counting 


Dis/mln 




Sample 

rate in 4.26 x 

Dls/min 

not dissolved 

Counting rate 

Counting yield of 

and 

10“* geometry 

calculated 

preparatory 

in parallel- 

parallel -plate 

plates 

counter 

from column 2 

to aiiquoting 

plate chambers t 

chamber, % 

1 a, b, c 

98.4 1 0.5 

230,700 

600 

296.4 

3.2 

51.5 

2 a, b, c 

83.6 t 0.4 

196,200 

700 

256.0 

1.2 

52.4 

3 a, b, c 

142.7 t 1.1 

334,600 

2,800 

433.4 

2.7 

52.2 

4 a 

359.4 1 1.1 

2,056,000 

0 

1066 

5.4 

51.8 

b 




1071 

4.9 

52.1 

e 




041 

1.31 

51.0 

tOf a 2.5 X 10 aliquot of the samples corrected for background and coincidence 

(0.8 per cent per 


1,000 counts per minute). 
11.5 X 10'* aliquot. 


The calibrations of the volumetric equipment used in this work were 
checked, and the plates were examined for undissolved a activity after 
the dissolving operation. Corrections were made for the activities 
left on the plates and in the dissolving dishes. In evaluating the count- 
ing yield of the 50 per cent geometry counters by comparison with the 
vacuum low-geometry counter, it was assumed that back-scattering 
of a radiation in the solid angle subtended by the aperture of the low- 
geometry counter was negligible. (Run 4 is a last-minute run using 
15 tig.) 

2.4 Back-scattering of a Particles . The resulting 52.0 per cent 
counting yield (cf. Table 2) was quite surprising since it had been as- 
sumed that the maximum counting yield obtainable was 50 per cent. 
A preliminary calculation by Crawford'' indicated that back-scattering 
of a particles at small angles could exist to an appreciable extent. 
To test this possibility some preliminary experiments were made by 
counting weights of U,Ob on platinum and on quartz on the supposition 
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that back- scattering would decrease with atomic number. A 2.4 per 
cent (1.2 parts in 50) lower count was observed for two samples on 
quartz compared to the identical samples mounted on platinum. Since 
it was thought that there might still be scattering from the uranium 
on quartz, the same experiment was repeated using essentially weight- 
less Pu’^ samples. In one experiment two pairs of samples showed 
a 3.1 per cent (1.55 parts in 50) difference and in a later experiment 
three pairs of samples showed a 2.9 per cent (1.45 parts in 50) dif- 
ference. 

3. MICROCHEMICAL DETERMINATION OF THE SPECIFIC ACTIVITY* 

Samples of PuOj of 50 to 200 pg, prepared by igniting the nitrate 
for several hours at 700°C, were weighed on the quartz torsion mi- 
crobalance, dissolved in concentrated H 2 S 04 -HN 03 mixture by fuming. 


Table 3 — Specific Activity of Pu*” by Microchemical Weighlngt of Oxide ' 




Corresponding 



Weight of 

specific activity, 

Mean, 

Sample 

oxide, pg 

counts/min/pg 

counts/min/pg 

H-1 

124.47 

70,562 1 71 


H-2 

127.61 

70,380 t 38 


E-1 

194.26 

70,038 t 71 


A-1 

9B.81 

71,131 + 125 

70,530 1 520 

L-1 

76.496 

70,376 i 86 


L-2 

64,859 

70,665 ± 123 


t Plates; 

platinum, containing 1 to 2 mK plate. 



Counters; parallel -plate nitrogen counters (Metallurgical Laboratory 
designations N-3 and N-4). 

Corrections applied: background, coincidence. 


diluted in calibrated glassware, and assayed for plutonium by count- 
ing plates prepared from aliquots. 

Spectrochemical analyses of the carefully purified stock solutions 
from which the oxide was prepared Indicated only insignificant traces 
of metallic impurities. 

The precision of the weighing, aliquoting, and counting is of the. 
order of several tenths of a per cent, but the accuracy which can be 
claimed for determination is limited in that the microbalance was 
calibrated with a 1-mg aluminum weight certified by the National 
Bureau of Standards (Class S) only to the nearest 0.01 mg. Counting 
was done in the parallel-plate nitrogen counters (N-3, N-4) for suf- 
ficiently long periods to make the statistical uncertainty in the count- 
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Ing less than 0.1 per cent. The results of these specif ic>actlvlty de- 
terminations are shown in Table 3; they liulicate a specific ct activity 
of 70,530 counts per minute per microgram. Using a 52 per cent 
ogpeometry factor,” this corresponds to a value of (135.6 ± 1) x 10* 
disintegrations per minute per microgram, and to a half life of 
24,460 t 160 years. 

4. SPECIFIC ACTIVITY OF PLUTONIUM FROM MEASUREMENTS 
SUPPLEMENTARY TO CALORIMETRIC WORK* 

In the course of some precise thermochemical measurements on 
plutonium compounds^*’’ it was desirable to confirm the amounts 


Table 4 — Specific Activity of Pu*** from Supplementary Measurements on 
Calorimetric Samples**’" 





Specific activity, counts/mln/^g 

Substance 

No. of 

Purity of 

Observed 

Average 

weighed 

samples 

sample 

counts/mln/Mg 

counts/mln//ig 

Pu metal 

3 

No evidence 
of oxide 

70,670 t 70 


PuCl, 

2 

Gravimetric 

analysis 

Indicates 

eg.8 1 0.2% 

PuCl, 

70,730 ± 60 

70,700 ± 60 

PuBr, 

1 

Gravimetric 

analysis 

Indicates 

99.9 ± 0.2% 
PuBr, 

70,690 ± 150 


PuBr, 

1 

Gravimetric 

analysis 

indicates 

09.9 * 0.2% 
PuBr, 

70,7101 no 



TPlates: platinum, 0.4 to 2.2 pg of plutonium deposited from excess nitric acid. At 
least two plates of each sample were counted. 


Counter: parallel -plate nitrogen counter. (Metallurgical Laboratory designation 
N-4.) 

Corrections applied: background, coincidence (determination of Greenlee, Dtacon, 
et al., private communication), standard counting efficiency. 


and/or composition of plutonium metal and compounds, and, with cer- 
tain substances, the completeness of solution. Independent micro- 
chemical analysis of the purity of the compounds and the consistent 
excellent agreement of amounts of plutonium by weight and by radio- 
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metric assay suggested the use of the Intended supplementary ana- 
Isrtlcal data as a source of precise specific -activity values free of 
some of the uncertainties^^ of other determinations. 

The plutonium used in the preparation of the metal and the com- 
pounds was specially purified by the Recovery Group from the regular 
Section C-1 Metallurgical Laboratory stock. Spectrochemical anal- 
ysis revealed only traces of metallic Impurities. Although no uranium 
was detected, the limit of detection of the method was 0.2 per cent. 

As indicated in Table 4, three independent micro-scale vacuum re- 
duction preparations of plutonium metal, two weighed samples of a 
single preparation of PuCl,, and two PuBr, preparations were used. 
The weights of these samples were of the order of 20 to 100 mg and 
were measured against weights calibrated and certified by the Na- 
tional Bureau of Standards. They were dissolved in an accurately 
known weight (about 200 g) of 6M hydrochloric acid in the process of 
calorimetric measurement. Dilution and plating of these solutions 
were accomplished by the usual volumetric micropipet procedure, and 
the volumetric compositions of the original solutions were computed 
from their densities. Several platinum plates, each containing from 
0.4 to 2.2 pg of plutonium were repeatedly counted in the parallel- 
plate nitrogen counter for sufficiently long periods to make the sta- 
tistical uncertainty small compared to the standard deviations shown 
in Table 4. 

These data Indicate the specific a activity to be 70,700 counts per 
minute per microgram on counter N-4 with considerable precision. 

5. DISINTEGRATION RATE AND HALF LIFE OF Pu”” 

In order to translate the observed counting rate from counts to 
disintegrations the parallel -plate nitrogen counter (N-4) was com- 
pared with a vacuum -type low-geometry counter of which the effective 
geometry was accurately known.^*’^* 

Thin plates containing appropriate amounts of plutonium for each 
counter were prepared by microvolumetric aliquoting of a nitric acid 
solution of plutonium made up of weighed amounts of plutonium metal 
produced by thermal reduction in vacuum on the milligram scale 

Five platinum plates, containing 12:61 pg of Pu*” per plate, gave 
corrected observed counts of 1168 ± 6, 1183 i 7, 1197 ± 5, 1194 ± 2, 
1171 ± 2; mean 1163 ± 4 in a vacuum-t]rpe low-geometry counter 
(Metallurgical Laboratory designation V-2; medium position; factor^ 
1505). Corrections for background and for coincidence were made. 

Microgram plates made from the same solution showed counting 
rates of 70,480 ± 20, 70,520 t 25, 70,660 ± 15; mean 70,540 t 70 in the 
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parallel-plate nitrogen counter (N-4) when corrected for background 
and coincidence and to standard counting efficiency. 

The most precise specific activities of this work were obtained on 
two high purity samples of micro-scale -produced plutonium metal.^' 
The metal samples were massed against National Bureau of Standards 
calibrated weights, were dissolved in a slight excess of dilute HCl, 
and were diluted to the desired concentration with 4M HjSO^. The 
solutions were prepared, subsequently diluted, and aliquoted for plat- 
ing by a gravimetric technique of high precision.^'' Spectrochemical 
analyses of aliquots of the solution revealed the presence of no me- 
tallic impurities aggregating 0.01 per cent above that of the redistilled 
acid used for the blanks. No uranium was detected but a sensitivity 
of only 0.2 per cent was claimed. The precision of the plating tech- 
nique eliminated the need of many duplicate plates . 

The chief potential source of error of the method is probably the 
possibility of undetected impurities in the metal. The spectrochemical 
analysis in general established the absence of significant amounts of 
metal impurities with the possible exception of uranium. The excel- 
lent agreement between different samples of metal tends to confirm 
the lack of impurities in the metal. 

Platinum plates containing 1.5 jug of Pu^^" were counted in the 
parallel-plate counter (N-4) using an argon- carbon dioxide gas mix- 
ture. The details and results of the counting have been presented in 
detail.^^ Corrected to standard counting efficiency the mean specific 
activity is 70,660 1 20 counts per minute per microgram. 

In recapitulation, the values of the specific -activity determinations 
based on weighing plutonium metal and converting observed a counts 
to standard counting efficiency in the parallel-plate counter (N-4) are 
presented in Table 5. Excellent confirmation of these values has, as 
indicated, been obtained by a radiometric assay of weighted plutonium 
oxide and halide preparations. 

Although none of the specific -activity measurements by Westrum 
were meant to yield absolute values such as disintegration constants, 
it is possible to compute a rather accurate value from the data pre- 
sented. An "effective counting yield" for the parallel-plate counter 
N-4 which will enable one to evaluate the best value of the specific 
activity in terms of the counting rate on the low-geometry vacuum 
counter and to compute the specific disintegration rate without the 
determination or estimation of back-scattering corrections, which 
are involved in the higher geometry counters, may be made from the 
relative observed counting data presented here. 

The best value of the specific activity of 70,650 t 50 corresponds 
to a specific disintegration rate of 136,060 ± 400 disintegrations per 
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minute per microgram corresponding to a half life of 24,400 ± 70 
years. This value is in good agreement with that obtained with the 
microchemical method of the preceding section, and within the ex- 
perimental uncertainty of a value 'Obtained in a fairly extensive study 
at Hanford;*” 16 disks were prepared and counted for long periods 
to minimize counting errors, and 10 chemical titration analyses were 
made to establish a valid chemical value for the amount of plutonium 
per plate. The specific activity of pure plutonium at 137,000 ± 1,041 
disintegrations per minute per microgram was established.*” 


Table 5 — Summary of Specific Activity of Pu’“ 


Source of data 


No. of 

metal samples 


Specific activity, 
counts /min/pg 


Reference 10, ll; Table 4 3 

Reference 14 1 

Reference IB 2 


70,670 + 60 
70,540 t 70 
70,660 ± 70 


Mean value (weighed) 


70,650 1 50 


The rate of energy production of a 120-g sphere of relatively pure 
Pu””” measured calorimetrically”” by the comparison of the rate of 
evaporation of liquid nitrogen by the sphere and by the input of elec- 
trical energy was 1.923 (± 1 per cent) absolute watts per gram. Com- 
bining this value with the energy of a particles from range and range 
energy measurements, 2.41 x 10” years as the half life of Pu””” with 
respect to a emission is obtained. 

All the reported measurements are therefore in agreement within 
their respective experimental accuracies. 

6. SUMMARY 

Several series of measurements of the specific a activity of Pu””” 
have been described. Plates for radiometric assay were made by 
weighing samples of metal and of pure compounds from highly purified 
plutonium stocks. The specific activity of Pu””” is 136,060 ± 400 dis- 
integrations per minute per microgram. This corresponds to a half 
life of 24,400 ± 70 years. 
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